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Instructions 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all con- 
tributions should be carefully examined before being submitted, 
to make sure that they conform as closely as possible to the follow- 
ing instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should 
be submitted along with one clearcarbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential ; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and “‘laboratory slang’’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviation used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on ‘‘Use of Abbreviations’’ on pages 5and6. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see ‘‘Use of Abbreviations.”’ 

Separate sheets should be used for the following: (a) title, (6) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (h) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


To Authors 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) ‘‘Experimental 
Procedure’”’ (or ‘‘Methods’’), (c) ‘‘Results,’’ (d) ‘‘Discussion,’’ (e) 
““Summary,”’ (f) ‘‘References.’’ The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘‘unpub- 
lished experiments,’’ ‘‘personal communications,’’ etc., must be 
made in footnotes, and not included in the References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words ‘‘in press.”’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, | 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered bet ween 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 
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4 Instructions to Authors 


should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. Incase of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 8} x 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow 
drawings should be avoided, as should also low wide drawings. 
Curves that can be placed on one chart without undue crowding 
should not be given in separate charts. The drawings should be 
made on Bristol board, blue tracing cloth, or on coordinate paper 
printed in light blue. Mounting on heavy cardboard is undesir- 
able. Photoengravings made from photographic prints are infe- 
rior to those prepared from the original drawings, which should, 
therefore, be submitted whenever possible. If it is necessary to 
submit photographic prints because of the excessive size of the 
originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be 
fairly thick, as well as large enough for the necessary reduction. 
When oversize original drawings are submitted, a set of small photo- 
graphic prints must also be included for the use of Referees. A 
duplicate set of figures must accompany the carbon copy of the 
manuscript. These need not be of the same quality as the orig- 
inal figures intended for publication, but must be clear and legible 
for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Generally, 


figures should be designed with the vertival height somewhat 
greater than the width, so as to fit well in a single column of the 
present format (width 3} inches). Letters and numerals should 
be uniform in size and style, and large enough so that they will be 
at least 1.5 mm high after reduction to the 34-inch width. Occa- 
sional figures may be printed so as to spread across both columns, 
if this is necessary to present full details. Drawings which con- 
tain letters or characters which do not permit reduction must be 
returned to the authors with a request that the size of the letter- 
ing be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw- 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthelegend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, O, @,0,8, A, A, ®). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of ‘‘top.”’ 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Preliminary Communications 


Short Preliminary Communications, which appear to be of out- 
standing importance, will be given accelerated publication after 
editorial review and acceptance. The standards for acceptance 
of such manuscripts will be quite rigorous. Briefly, they may 
be stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to one 
full page in the present format of the Journal. This is approxi- 
mately 1000 words of text. If figures or tables are included, the 
permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Communi- 
cation will be followed by a detailed report within a reasonable 
time. In some cases a very short paper may be complete in it- 
self, no further publication being required. If an author con- 
siders his communication to be final in this sense, he should so 
state in submitting the manuscript to the Editors. In such cases, 
the form of a short regular paper might be preferable (see the 
fifth paragraph following). 

5. Such short papers will not necessarily be restricted to new 
experimental findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 

6. The title of the manuscript, and the names and addresses of 
the authors should be given at the beginning, as in a regular 
paper. However, no summary need be included, and the head- 
ings and sub-headings commonly used in full papers may—and 
generally should—be omitted. An original and two carbon copies 
should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 
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The aim of the Journal in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 
dealing with them. 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been published 
on a number of occasions in the past, when the findings were con- 
sidered significant and the documentation and presentation were 
adequate. However, we have no desire to encourage short papers 
rather than long ones. A single long report of a comprehensive 
series of findings is generally preferred by the Editors to three or 
four short papers which, in the aggregate, require more time to 
read and to edit and also will take up more space. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 
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tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a ‘‘note added in proof’’ can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 
The Williams & Wilkins Company 

428 E. Preston Street 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The crst of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term that appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 


length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (eg. AMP-sulfate, 
It is suggested that abbreviated names be hyphen- 


acyl-AMP). 


ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of DPN 
and TPN may be abbreviated with a prefixed asterisk, e.g. 
3-acetylpyridine-*DPN, where the * is to be read as “analogue 
of.”” Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof should not be abbreviated, nor should groups 
easily represented by chemical symbols, such as hydroxymethyl 
(CH.OH) or tetrahydro (-H,). In referring to folic acid deriva- 
tives it is recommended that the names “tetrahydrofolic acid” or 
“tetrahydrofolate’”’ be written out in full, unless repeated many 
times in a paper, in which case the abbreviation “folate-H,”’ may 
be used; as also “folate-H.”’ for dihydrofolate. Derivatives can 
similarly be referred to, eg. “5 (or 10)-hydroxymethylfolate- 
H,” or “5 (or 10)-CH,OH-folate-H,.”’ 

Accepted Abbreviations—The abbreviations in the list given 
below may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (cf. 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), diphosphopyridine nucleotide and its 


DPNH reduced form 
TPN, TPNH triphosphopyridine nucleotide and its 
reduced form 
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FAD, FADH; flavin adenine dinucleotide and its re- 
duced form 

NMN nicotinamide mononucleotide 

GSH, GSSG glutathione and its oxidized form 

CoA, acyl-CoA coenzyme A and its acyl derivatives 


(e.g. acetyl, etc.) 

the 5’-phosphates of ribosy] adenine, 
guanine, hypoxanthine, uracil, cy- 
tosine 

the 2’-, 3’-, (and 5’-, where needed for 


AMP, GMP, IMP, 
UMP, CMP 


2’-AMP, 3’-AMP (5’- 


AMP), ete. contrast) phosphates of the nucleo- 
sides 
ADP, etc. the 5’(pyro-)diphosphates of adeno- 
sine, etc. 
ATP, etc. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 
deoxy-AMP(dAMP, 5’-phosphates of 2’-deoxyribosyl 
dGMP, dIMP, adenine, etc. 
dUMP, dCMP, 
dTMP) 
RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 
UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 
lactose, etc. etc. 
P;,, PP; inorganic orthophosphate and pyrophos- 
phate 
Tris tris(hydroxymethyl)aminomethane 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 

_ For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequences as written (Ann. Rev. Biochem., 
16, 224 (1947)): 


Gly, Ala, Val, Leu,Ileu_ glycyl, alany], valyl, leucyl, isoleucy], 
Pro, Phe, CySH, CyS, prolyl, phenylalanyl, cysteinyl, half- 


Met, Try cystyl, methiony]l, tryptophany] 
Arg, His, Lys arginyl, histidyl, lysyl 
Asp, Glu, aspartyl, glutamy]l, 
Glu-NH, Asp-NH; glutaminyl, asparaginy] 
Ser, Thr, Tyr, seryl, threonyl, tyrosyl, 
Hypro, Hylys hydroxyprolyl, hydroxylysy] 


These symbols should be separated from each other by periods 


(e.g. Gly.Val.Asp.Ser). 


Groups of residues of unknown ge- 
quence may be enclosed in parentheses and separated by commas, 
These abbreviations should be used only for amino acid residues 
in peptide linkage, never for the free anmino acids, the names of 
which should be written out in full. 

(6) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


Gf, Fru, Gal, Rib, deoxy- 
Rib (dRib), etc. 


glucose, fructose, galactose, ribose, 
deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosemine. Configura- 
tion symbols (L-, p-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, gua- 
nine,f etc.): 


pApG 5’-O-phosphoryl-adenyly]- (3’-5’) -guan- 
osine, or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 

adenylyl-(3’-5’)-guanosine 2’, 3’-phos- 
phate 


ApGp 


ApG-cyclic-p 


for polydeoxyribonucleotides: 


d-pApGpT l-(3’-5’)- 
deoxyguanylyl- (3’-5’)-deoxythymi- 
dine, or deoxythymidylyl-(5’-3’)-de- 
oxyguanylyl - (5’-3’) - deoxyadeno- 
sine 5’-phosphate. 


+ Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 

¢t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 
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UNITS OF MEASUREMENT 


Units of Mass 
kilogram kg 
gram g 
milligram mg 
microgram ug (not 7) 
millimole mmole (not mm) 
micromole umole (not um) 
Units of Concentration 
molar (mole /liter) M 
millimolar mM 
micromolar uM 
Units of Length, Area, Volume, etc. 
meter m 
centimeter cm 
millimicron mu 
Angstrom (10~* cm) A 
square centimeter cm? 
cubic centimeter ec, or cm? 
milliliter ml 
microliter ul (not r ) 
sedimentation coefficient $ 
sedimentation coefficient in water at 20°, 
extrapolated to zero concentration $29 w 
Svedberg unit of sedimentation coeffi- 
cient (10-™ sec) S 
diffusion coefficient (usually given in 
cm?/sec) D 


Note that, in most instances, liter is not to be abbreviated. Use 
l, if necessary in tabular matter. 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is reeommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logy T = auCb = «Cb = a,cb 


In these equations A is absorbancy (preferred), OD is optical 


‘density, T is transmittancy (not transmittance, as for a plate 


of glass), C is the concentration of the absorbing substance in 
moles per liter, c is its concentration in other units (which must 
be specified), a, is the absorbancy index, am is the molar absorb- 
ancy index (dentical with ¢«, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave length or frequency specified, the 
exact value of this index will be somewhat ambiguous unless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. S. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U. S. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 

Equilibrium and Velocity Constants 

Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in ‘moles per liter; for instance, for the reaction Mgt* + ATP*— 
MgATP*-, the association constant is: K = (MgATP*-)/(Mg**) 
(ATP*-); (in units of 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec™ (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in 

The term milligram per cent (mg %) should not be used. 
Weight concentrations should be given as g per ml, g per 
100 ml, g per liter, etc. 
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of the purest biochemicals sell at the lowest prices and 
include over 300 Amino Acids * Over 90 Peptides + Over 
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Biochemicals Vitamins Enzymes-Crystalline, Purified 
Growth Factors Steroid Hormones Biological Salt 
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Proteins + Fatty Acids - Antibiotics - Alkaloids + Glan- 
dular Substances. 
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Mutarotase from Penicillium notatum 


I. PURIFICATION, ASSAY, AND GENERAL PROPERTIES OF THE ENZYME* 


RonaLp BENTLEY AND D. S. BuHatet 


From the Department of Biochemistry and Nutrition, Graduate School of Public Health, 
University of Pittsburgh, Pittsburgh, Pennsylvania 


(Received for publication, June 10, 1959) 


~In a study of the mechanism of action of notatin, the flavin 
adenine dinucleotide-dependent glucose aerodehydrogenase of 
molds, Bentley and Neuberger (2) in 1949 obtained evidence 
suggesting that the enzyme preparation also catalyzed the mu- 
tarotation of glucose. Keilin and Hartree (3, 4) demonstrated 
that some notatin samples contained a second enzyme, named 
mutarotase, which was the most active catalyst known for the 
mutarotation of glucose. A partial separation from notatin was 
achieved by precipitation with ammonium sulfate. Levy and 
Cook (5) studied the specificity of mutarotase and found that 
the mutarotation of p-galactose was accelerated almost as much 
as that of p-glucose. In 1954, Keston (6) observed that muta- 
rotase preparations could be obtained from animal sources; D- 
galactose, D-xylose, and L-arabinose were also substrates and 
the enzyme was inhibited by phlorizin. The present paper de- 
scribes the assay and purification of highly active mutarotase 
from the culture fluids of Pencillium notatum. 


EXPERIMENTAL 


Materials and Methods 


The strain of Penicillium notatum, F. D. 446, used in the 
original studies on notatin (7, 8), was obtained through the cour- 
tesy of Mr. C. E. Coulthard, Bacteriology Division, Boots Pure 
Drug Company Ltd., Nottingham, England. Subcultures were 
maintained on 2 ml slants of Czapek-Dox agar (9). We are 
indebted to Corn Products Sales Company for a supply of corn 
steep liquor. 

B-p-Glucose was obtained from General Biochemicals, Inc., 
and 2-deoxy-p-glucose from Aldrich Chemical Company, Inc. 
The latter material had m.p. 147—148°, and [a]?? = +33° (5 
minutes), +46.7° (30 minutes) measured in water, c = 2; it 
was, therefore, the 8 anomer. All other sugar anomers had 
optical rotations and melting points in agreement with the lit- 
erature values. The methods used in the determination of mu- 
tarotation coefficients were identical to those described in de- 
tail in the following paper (10). Protein was determined with 
the Folin-Ciocalteau reagent by the method of Lowry et al. 
(11). 


* A grant from the United States Public Health Service (A-725) 
made this study possible and is gratefully acknowledged. A 
preliminary report of some of the work has already been given (1). 

t Present address, Antibiotic Research Centre, Hindustan Anti- 
bioties (Private), Ltd., Pimpri, India. 


RESULTS 


Mutarotase Assay—Keilin and Hartree (3) originally assayed 
mutarotase by a polarimetric method under anaerobic condi- 
tions to rule out changes in optical rotation caused by the con- 
version of glucose to 6-gluconolactone and gluconic acid in the 
presence of notatin. An automatic recording (5) and a photo- 
electric polarimeter (6) have also been used in mutarotase assay; 
apparently only the former has been used anaerobically with 
the aid of a specially constructed 4-dm flow cell. Anaerobic 
polarimetry was, however, found to be difficult with our crude 
preparations, owing to the deeply pigmented nature of the solu- 
tions, and to frothing during evacuation (12). Keilin and Har- 
tree (4) devised a manometric assay, based on the oxidation 
of B-p-glucose, formed from a-p-glucose, with an excess of mu- 
tarotase-free notatin. This method was also inconvenient as 
a routine assay, because of the need to weigh accurately small 
amounts of a-p-glucose into Warburg vessels (12). 

A chemical assay, based on the reactions shown below, was, 
therefore, devised; it is derived from the observation that at 
0° and in solutions buffered with barium carbonate and barium 
bromide, the oxidation of 6-glucose with bromine water is much 
more rapid than that of the a-anomer (13). The barium car- 
bonate-barium bromide buffer was replaced with phosphate 
buffer at pH 5.7, and the method was particularly suitable for 
the assay of crude enzyme preparations. 


mutarotase 


a-b-Glucose 


8-p-Glucose + Br. — 6-p-gluconolactone + 2 HBr 


6-p-Gluconolactone + — pb-gluconie acid 


The assay procedure was as follows; 1 ml of mutarotase prep- 
aration and 3 ml of 0.1 mM phosphate buffer, pH 5.7, in a 20- 
ml tube were cooled to 0°. One milliliter of an ice-cold, freshly 
prepared solution of a-p-glucose (5%) in 0.1 mM phosphate buffer, 
pH 5.7, was added, and the tube was immediately transferred 
to a water bath at 20°. After incubation for 20 minutes, 2 
ml of the incubation mixture were withdrawn with a precooled 
pipette, and were added to 10 ml of the oxidizing mixture in 
a stoppered tube, cooled to 0° in an ice bath. The oxidizing 
mixture was 0.4 m phosphate buffer, pH 5.7, containing bro- 
mine (40% saturation); it was kept at 0°. After mixing, the 
solution was kept at 0° for exactly 8 minutes. The excess bro- 
mine was removed by addition of 1 ml of a mixture of corn 
oil and chloroform (1:1) followed by vigorous shaking. The 
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Fig. 1. The oxidation rates of the a and 8 anomers of glucose. 
Two-milliliter portions of freshly prepared 1% solutions of a- or 
B-glucose in 0.1 m phosphate buffer at 0° were added to 10 ml of 
the oxidizing mixture described in the text, also at 0°. Aliquots 
were removed from the stirred mixture at the indicated times and 
were analyzed for glucose. @——®@, §-p-glucose; A——A, a-D- 
glucose. 


resulting emulsion was centrifuged and the clear supernatant 
containing unoxidized glucose was diluted (usually by a factor 
of 25) and assayed for glucose by the Nelson-Somogyi method 
(14). To allow for the spontaneous mutarotation a blank was 
carried out with 1 ml of a boiled sample of the enzyme prep- 
aration being assayed. 

The oxidation rates of pure samples of a- and §-p-glucose 
under the oxidation conditions just described are shown in Fig. 
1. In the 8-minute oxidation period used for the mutarotase 
assay, 84% of B-glucose was oxidized, but only 14% of a-glu- 
cose. In determining the formation of 6-glucose, a correction 
was therefore applied to allow for the incomplete oxidation of 
B-glucose, and for the partial oxidation of the a-glucose. The 
production of B-glucose by spontaneous mutarotation under 
these assay conditions amounted to between 105 and 110 umoles. 
The enzyme concentration was so adjusted that the total 6- 
glucose production in the sample tube was about 135 to 145 
pmoles. The net production of 6-glucose was calculated as 
production in sample minus production in the boiled control 
under identical conditions; mutarotase activity determined in 
this assay is expressed as wmoles net 6-glucose produced per 
mg of protein per 20 minutes. Despite the high blanks from 
spontaneous mutarotation, consistent results were obtained. 

Production of Mutarotase by P. notatum Cultures—The cultural 
conditions, developed by Coulthard et al. (7, 8) were modified 
by addition of corn steep liquor to the medium and by growth 
at 28° rather than at 20-22°. The modified culture medium 
was as follows: anhydrous glucose, 40.0 g; NaNQOs, 2.0 g; KCl, 
0.5 g; KH2PO,, 1.0 g; MgSO,-7H.O, 0.5 g; FeSO,-7H,0, 0.01 
g; corn steep liquor (approximately 60% of total solids), 20.0 
g; water to 1 liter. Routinely, tap water was used in this me- 
dium since better growth was obtained than in control experi- 
ments on distilled water. The medium was adjusted to pH 
6.2 and filtered prior to sterilization. Cultures were grown ei- 
ther in 900-m] Roux bottles containing 120 ml of medium, or 
in enamel trays (37 cm X 21 cm X 7.5 cm) covered with alu- 
minum foil and containing 1100 ml of medium. 

Under the above described cultural conditions, the initial pH 
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of the medium declined to 3.9 by about the fourth day of growth, 
rising sharply on the fifth day to 7.9 and thereafter increasing 
slowly to a maximum of 9.2 (10 to 14 days). A final pH of 
at least 8.5 was desirable in view of the lability of notatin under 
alkaline conditions, and the observation that the subsequent 
purification was most satisfactory when this pH value had been 
reached. In preliminary experiments culture fluid samples were 
assayed for mutarotase activity after dialysis against several 
changes of distilled water at 4° for 40 hours. In the most 
active cultures, mutarotase activity (umoles net 6-glucose per 
mg of protein per 20 minutes) increased slowly from a value 
of 25 (fourth day) to a maximum of 35 (10th and 11th days) 
and thereafter declined slowly. Large scale cultures were usu- 
ally harvested after 11 or 12 days growth. 


Purification of Mutarotase 


A purification of the enzyme was achieved by precipitation 
with aluminum sulfate and ammonium sulfate, treatment at 
pH 9.2 and 25° to ensure that any notatin withstanding the 
final pH of the medium was inactivated, treatment with Amber- 
lite IR 45 to remove nucleic acid, and further precipitation 
with ammonium sulfate. 

First Aluminum Sulfate Precipitation—The cooled (0°), fil- 
tered medium was treated gradually with stirring, with a 10% 
aluminum sulfate solution, using 1 ml for each 12.5 ml of fil- 
trate. The pH during this addition was not allowed to fall 
below 4.5, and was finally adjusted to 5.8 by the addition of 
0.1 N NaOH. The precipitate, collected by centrifugation, was 
extracted with ice-cold 0.2 m phosphate buffer, pH 5.8, with 
1 ml of buffer per 10 ml of original filtrate. The brownish 
yellow extract, after dialysis against frequent changes of dis- 
tilled water (0°) until no further pigment was removed, was 
lyophilized to half volume (Fraction A). 

Treatment at pH 9.2—Fraction A at 0° was adjusted to pH 
9.2 by careful, dropwise addition, initially of 1 N, finally of 
0.1 N NaOH. The solution was then brought to 25°, allowed 
to stand for 20 minutes at this temperature, cooled to 0°, and 
adjusted to pH 4.2 with dilute phosphoric acid. After stand- 
ing overnight at 0°, an inactive precipitate was removed by 
centrifugation. The supernatant solution was referred to as 
Fraction B. 

Ammonium Sulfate Precipitation—Fraction B, diluted to a 
protein content of 1.5 mg per ml was treated with stirring, 
with solid ammonium sulfate at 0°, using 22 g per 100 ml. After 
an inactive precipitate had been removed by centrifugation, 
the supernatant was dialyzed for three days against frequent 
changes of distilled water at 0° (Fraction C). 

Second Aluminum Sulfate Precipitation—The dialyzed Frac- 
tion C was treated with 1 ml of 10% aluminum sulfate per 
15 ml of solution, as described previously. The centrifuged 
precipitate was re-extracted with 1 ml of 0.2 m phosphate buffer 
for each 5 ml of Fraction C. The extract was dialyzed until 
salt free, lyophilized, and dissolved in water to give a solution 
with final protein concentration of 3 mg per ml (Fraction D). 

Treatment with Amberlite IR 45—Fraction D, adjusted to pH 
7.0 with 0.1 nN NaOH was added to a column of Amberlite IR 
45 (2 cm diameter), with a 1.1 cm length of resin column per 
ml of Fraction D.!_ The resin had been previously treated with 
4% NaOH, and then with 4% acetic acid, followed by washing 


1 We are indebted to Dr. M. Conderman (née Fuld) for the de- 
tails of the Amberlite IR 45 procedure. 
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with water. After the original extract had moved down on 
to the column, elution was continued with water. A first frac- 
tion, equal to the original volume of Fraction D was collected 
and discarded. A second fraction, (2.5 times the original vol- 
ume) was collected, dialyzed, lyophilized, and redissolved in 
water to a protein concentration of 1 mg per ml (Fraction E). 

Second Ammonium Sulfate Precipitation—Fraction E, cooled 
in ice, was stirred and treated with solid ammonium sulfate 
using 42 g per 100 ml. After an inactive precipitate had been 
removed by centrifugation, a further addition of 14 g of am- 
monium sulfate per 100 ml of original Fraction E, gave a pre- 
cipitate containing most of the mutarotase activity. After 
centrifugation and solution in water, it was dialyzed until salt 
free. 

The results obtained on fractionation of a typical batch of 
8350 ml of culture filtrates are shown in Table I. An approxi- 
mately 15-fold purification was achieved. The absorption spec- 
tra of preparations of Fraction D showed a broad plateau in 
the region 250 to 280 muy; after treatment with Amberlite IR 
45, a sharp minimum at 250 my and a sharp maximum at 275 
mp were observed, presumably as a result of the removal of 
nucleic acid. In view of the maximum at 275 mu, freedom 
from nucleic acid was judged from the ratio of absorbancies 
at 275 and 260 muy, rather than from the ratio at 280 and 260 
my as is the usual practice (15). The highest ratio observed in 
Fraction F was 1.25; a value of 1.25 for Regojee with enolase 
corresponds to 1.5% of nucleic acid. Our mutarotase prep- 
arations therefore contain at most, only small amounts of nu- 
cleic acid. 


Properties of Mutarotase Fraction F 


Aqueous solutions of Fraction F had a pronounced amber 
color. The absorption spectrum in the visible region was es- 
sentially the same at pH 3.5, 6.2, and 7.8. There was an ab- 
sorption maximum in the region 360 to 380 my, a second less 
well defined at 400 muy, and an inflexion between 440 and 480 
mu. This absorption spectrum was not changed by the addi- 
tion of substrate glucose. On denaturation by heat, or by 
treatment with acid, the solution (after removal of the precipi- 
tated protein) gave an absorption spectrum declining as an es- 
sentially smooth curve. In alkaline solution, a shallow broad 
maximum was exhibited in the region from 350 to 400 my; 
this was unchanged on reacidification. Treatment with potas- 
sium borohydride led to a bleaching of the solution and the 
disappearance of the absorption maximum at 370 mp. Although 
the absorption spectra of mutarotase preparations were similar 
to the spectrum of succinic dehydrogenase (16) attempts to 
liberate possible flavins by tryptic digestion (17) gave incon- 
clusive results. 

Typical preparations of Fraction F showed a net production 
between 250 and 260 umoles of 6-glucose calculated per mg 
protein per 20 minutes, and the most active fraction formed 
280 umoles. The preparations had no glucose oxidase or cata- 
lase activity. The mutarotase activity was unaffected by Mn++ 
and Mg++ at concentrations of 5 X 10-4 m, but the same level 
of Hg++ abolished the activity completely. 

In the ultracentrifuge, the preparations showed a major, slow 
moving component, together with a very small amount of a 
fast moving material. (See Fig. 2). A further purification was 
achieved by centrifugation of Fraction F in the preparative 
ultracentrifuge at 100,000 x g for 20 hours. The contents of 
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TABLE [ 
Fractionation of mutarotase from P. notatum 


Net B-glucose| Total activ- 
Fraction Volume | Total | per mg pro- | ‘ity. net B- | Revs/200” 
protein —— glucose 
ml mg pmoles pumoles 
Culture fluid 8350 6095 16 97 ,500 
A 500 775 50 38,750 
C 920 397 66 26 , 200 
D 88 266 85 22 ,600 1.01 
E 133 133 150 19 ,950 1.09 
F 50 75 250 18,750 1. 


25 
@ Ros/20 1s the ratio of optical densities at 275 and 260 mu. 
See text. 


the tube were separated into an upper and lower layer. The 
upper layer contained most of the mutarotase activity and this 
material was essentially free of the fast moving component as 
indicated by the ultracentrifuge patterns shown in Fig. 2. This 
solution still had a pronounced yellow to amber color. As- 
suming a partial specific volume of 0.75 and a reasonably spheri- 
cal shape (frictional ratio of 1.15) as well as a small concen- 
tration dependence of the sedimentation constant, the molecular 
weight was estimated to be 70,000 with a lower limit of 60,000. 

The relationship between glucose concentration and enzyme 
activity at a fixed level of mutarotase was investigated. As 
shown in Fig. 3 the net production of 6-glucose increased with 
increased substrate concentration, up to a level of about 4% 
glucose. Thereafter, the activity began to decrease. The re- 
lationship between the net production of @-glucose and the 
amount of enzyme protein was also investigated at a fixed glu- 
cose concentration of 1%. As shown in Table II, no direct 
proportionality was observed. These relationships will be dis- 
cussed later. 

The work of Levy and Cook (5) with the low level of muta- 
rotase activity present in some notatin samples, and that of 
Keston with animal mutarotase (6) indicated that only p-ga- 
lactose approached p-glucose as a mutarotase substrate. It 


Fic. 2. Ultracentrifuge patterns of mutarotase preparations. 
The three top patterns were obtained with a preparation of Frac- 
tion F (see text), at a protein concentration of 5 mg per ml, in 
0.05 m phosphate buffer, pH 7.0. The rotor speed was 59,780 r.p.m. 
and movement is from left to right. The three patterns were ob- 
tained at 24, 32, and 40 minutes, respectively. The three lower 
patterns were obtained after the further purification in the pre- 
parative ultracentrifuge as described in detail in the text. The 
protein concentration was 2 mg per ml in 0.05 m phosphate buffer, 
pH 7.0. In this case, the rotor speed was 56,500 r.p.m. and the 
patterns were obtained at 16, 32, and 48 minutes, respectively. 
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Fic. 3. The effect of substrate concentration on the production 
of excess 6-glucose by mutarotase. The standard mutarotase 
assay method was used, with varying concentrations of a-p-glu- 
cose. Each tube contained 1 ml of a Fraction F mutarotase 
preparation (125 wg per ml). 


TaBLe IT 
Relationship between protein content and mutarotase activity 


These determinations were carried out under the standard 
assay conditions described in the text, with a Fraction A prepara- 
tion of relatively low activity. 


Mutarotase from P. notatum. I 


Protein Net B-glucose formed | Net 6-slucose per mg. 
ug pmoles pmoles 
466 21.5 46.1 
560 25.5 45.5 
960 42.0 43.7 
1400 57.0 40.7 


was desirable to re-examine the specificity question with a highly 
purified mutarotase sample. The mutarotation coefficients with 
various sugars were determined with a Fraction F preparation, 
further purified in the preparative ultracentrifuge as described 
earlier. The results shown in Table III, led to the recognition 
of two new substrates for mutarotase, namely cellobiose and 
the heptose, p-glycero-p-galactoheptopyranose. 


DISCUSSION 


With the use of the mutarotase-containing notatin, Keilin 
and Hartree (4) observed that the mutarotation coefficient for 
a fixed amount of enzyme decreased with increasing glucose 
concentration and slowly approached the value observed in 
buffer alone. The latter value is, of course, independent of 
glucose concentration. They attributed this result to an in- 
creasing inhibition of the enzyme by glucose itself. By meas- 
uring the actual net 8-glucose produced at different glucose 
concentrations, we observed that there was an increased net 
production of 8-glucose at constant enzyme concentration until 
a glucose concentration of about 4% was reached (see Fig. 3). 
This result is not inconsistent with that of Keilin and Hartree. 
If their results are recalculated in the more informative terms 
of net B-glucose production, for example in 10 minutes, a curve 
rising to a maximum at about 4% glucose and thereafter de- 
clining, is obtained. It is obvious that beyond about 4% glucose 
concentration, the net 8-glucose production steadily declines 
and at higher values there is only an immeasurably small dif- 


TABLE III 


Relative activities of mutarotase substrates 


Relative acceleration® 
Purified Notatin 
Substrate® mutarotase | preparation Kidney 
Buffer + Buffer from P. containing, | mutarotase? 
mutaro- notatum® mutarotase’ 
tase 
A B A B A B 
p-Glucose 15.9 10.1 100 | 100 | 100 | 100 | 100 | 100 
p-Galactose 18.9 12.8 82 | 105 81 | 122 97 | 164 
Lactose 32 | 23 
Cellobiose 8.11 | 7.04; 26; 19 
L-Arabinose 53.3 | 46.4 26 | 119 27 | 119 
p-Glycero-p- 9.00 | 7.93} 23); 19 
galactohep- 
topyranose 
p-Xylose 35.1 | 33.0 11 | 36 9; 30; 18) 59 
Maltose 7 6 


* In the experiments with the purified mutarotase from P. no- 
tatum the substrates were the a anomers of D-glucose, D-galactose, 
and p-xylose, and the 6 anomers of L-arabinose, p-glycero-p- 
galactoheptopyranose, and cellobiose. For L-arabinose, p-galac- 
tose, and pb-glycero-p-galactoheptopyranose, the mutarotation 
coefficients are those for the slow portion of the mutarotation 
only (18). No increase over the spontaneous rate in buffer was 
observed with 8-p-arabinose, 6-D-mannose, and a-L-xylose. 

*’ Mutarotation coefficients were determined at 24° with sugar 
concentrations of 2%. The coefficients are expressed in decimal 
logarithms and reciprocal minutes X 10%. | 

¢ The relative accelerations given under columns A are derived 
from the definition of acceleration used by Levy and Cook (5) 
and are calculated from the following expression; 


(K catalyzea/K spontaneous 1) (for sugar) 


100. 


The relative accelerations in columns B are derived from the 
following expression, suggested by Keston (19): 


(K catalyzed (for sugar) 
(K catalyzed (for glucose) 


¢ The buffer used was 0.005 m phosphate buffer at pH 5.6; where 
necessary, mutarotase was added to a final concentration of 19 
ug per ml. The enzyme used was the preparation of Fraction F, 
further purified in the ultracentrifuge. It had been stored for 
several months with some loss of activity. The same preparation 
was used in all of these experiments. 

¢ Results given in this Table. 

4 Results of Levy and Cook (5). 

? Results of Keston (6). 


ference between the spontaneous and enzyme catalyzed reac- 
tions. It is also apparent that any inhibition by glucose does 
not take place at concentrations less than 4%, both from the 
results of Keilin and Hartree and from those reported here. 
The enzyme never becomes saturated with substrate in the 
sense that a constant rate (amount of net 6-glucose formed 
in a definite time interval) is reached and is not changed by 
further increases in substrate concentration. 

It follows from these observations that assay of mutarotase 
under conditions of zero order kinetics is never possible, and 
a definition of a mutarotase unit presents some problems. Kei- 
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lin and Hartree (4) demonstrated a linear increase in muta- 
rotation coefficient with increased amount of enzyme at con- 
stant glucose concentration. If these results are recalculated 
as actual production of net 8-glucose in a given period, the 
relationship is no longer a linear one. Keston (20) has used 
a mutarotase unit based on the time required for half muta- 
rotation with 0.84% a-p-glucose in 0.025 m phosphate buffer 
at pH 7.1 and 24°. A unit is that quantity for which 1/tynet 
= 1/tisampte — 1/tispontaneous = 1. Again, however, the rela- 
tionship between the number of units and the net §-glucose 
production may be shown to be nonlinear. 

As pointed out earlier, enzyme assay by polarimetry was not 
desirable in the purification of the P. notatum mutarotase. In- 
stead, the net 8-glucose production was determined under de- 
fined conditions, with a boiled sample of the enzyme to define 
the spontaneous production. In these assays, a number of 
dilutions were used and the activity was determined from that 
dilution yielding a net @6-glucose production in the range of 
30 to 35 wmoles. The best preparations we have examined gave 
about 280 uwmoles net 8-glucose over a 20-minute period, cal- 
culated back to the basis of 1 mg of protein. Again, because 
of the nonlinear relationship between excess 8-glucose produc- 
tion and quantity of enzyme, this calculated figure is not rep- 
resentative of the true activity of that amount of enzyme. 
However, since these assays were all calculated from that en- 
zyme dilution giving the arbitrarily selected yield of 30 to 35 
umoles, it was possible to compare the enzyme activity at the 
various stages of fractionation. 

Keilin and Hartree’s notatin Z preparations, showed on ul- 
tracentrifugation (21), a main sedimenting component (notatin) 
and two other components; from these results, they estimated 
that the notatin preparation contained not much more than 
10% of mutarotase. A comparison of our preparations and 
notatin Z is possible as follows. At 2% glucose concentration 
and 20°, notatin Z (200 wg per ml) gave a mutarotation co- 
efficient of 106 xX 10-3 in natural logarithms (value obtained 
by interpolation). Subtraction of the spontaneous value, 66 
x 10-3, gives a coefficient for the mutarotase component of 
40 10-3 (natural logarithms) or 17.3 (decimal loga- 
rithms). At the same glucose level and a slightly higher tem- 
perature, 21.5°, our mutarotase preparation at a concentration 
of 25 ug per ml gave a coefficient of 21.3 « 10-3 (decimal loga- 
rithms) and subtraction of the spontaneous value of 7.2 X 
10-*, gives a value for mutarotase alone of 14.1 x 107% (10). 
Assuming 100% purity for our preparation, the Keilin and Har- 
tree coefficient of 17.3 x 10-% would be obtained with 30.7 
ug of mutarotase; notatin Z would therefore have contained 
15.3% of mutarotase, a figure which agrees well with the earlier 
estimate. The mutarotase preparations described here have at 
least six times the specific activity of notatin Z. With the use 
of the figures just quoted and assuming with Keilin and Hartree 
a molecular weight for mutarotase of 75,000, a catalytic coef- 
ficient (the mutarotation coefficient for a molar solution of 
catalyst) for our preparation of 9.75 X 104, natural logarithms, 
min-!, may be calculated (glucose concentration = 2%, 21.5°, 
assumed 100% purity). For notatin Z, the catalytic coefficient 
is 15 X& 104 with Keilin and Hartree’s estimate of a 10% mu- 
tarotase content (glucose concentration = 2%, 20°), or 1 xX 
105 if notatin Z contained 15% of mutarotase. To emphasize 
the efficiency of mutarotase, Keilin and Hartree compared the 
enzyme with the most active nonbiological catalyst, OH-, using 
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the catalytic coefficient for OH- determined by Smith (22). 
This value of 8.8 xX 10° (natural logarithms, min-, 20°) has 
been corrected to 4.3 xX 10° by Bell and Prue (23) with the 
improved buffer system of quinine, quinine sulfate, and potas- 
sium sulfate. 

Our observations on the substrate specificity of mutarotase 
have confirmed and extended the general conclusions previously 
made by Levy and Cook (5). In the case of arabinose and 
xylose, both enantiomorphic forms were tested with our prep- 
arations, but activity was observed only with L-arabinose and 
p-xylose. The finding of activity with cellobiose is in line with 
the previously reported results (5) with maltose and lactose; 
the activity with the @-disaccharides lactose and cellobiose is 
noticeably much higher than with maltose. For the first time, 
we have demonstrated mutarotase activity with a heptose sugar, 
p-glycero-D-galactoheptopyranose. This activity for a com- 
pound with the basic galactose configuration is consistent with 
the high order of activity shown to D-galactose itself. Levy 
and Cook (5) concluded that the decisive locus of action in 
the substrate for mutarotase appeared to be Cz since there was 
no activity with D-mannose or D-glucosamine. In attempting to 
provide further information we examined the use of 2-deoxy- 
D-glucose as a substrate. Although the mutarotation appeared 
complex, and accurate first order kinetics were not obtained, 
the time in which equilibrium was established was identical, 
both in the presence and absence of enzyme. All of the com- 
pounds known to be substrates for mutarotase have the common 
structural feature, regardless of membership in the pb- or L- 
configurational series, of a reducing pyranose ring in C-1 con- 
formation, with the nomenclature of Reeves (24). The pres- 
ence of equatorial hydroxyl groups at C2 and probably C; 
is apparently mandatory since activity is lost with an axial 
C,0OH group (D-mannose) or on replacement of the equatorial 
OH by H (2-deoxy-p-glucose) or NHz (p-glucosamine). The 
C,OH can be axial since the compounds configurationally 
related to p-galactose that have been tested are substrates. 

The acceleration, relative to glucose, observed with a number 
of mutarotase substrates has been compared for the three mu- 
tarotase preparations so far described. These results, also 
shown in Table III, are for the mutarotase containing notatin 
(5), animal mutarotase (6) and our own purified preparations. 
It is noteworthy that the specificity pattern of our material 
is identical with that of the crude notatin sample, strongly sug- 
gesting that a single enzyme is responsible for all of the ob- 
served activities. There are marked differences, however, be- 
tween the mold enzyme and the preparations of Keston (6). 
Although the relative acceleration with L-arabinose is the same, 
the animal preparations are reported to have higher rela- 
tive accelerations with p-galactose and D-xylose. 


SUMMARY 


1. Mutarotase production by Pencillium notatum grown on 
Czapek-Dox medium containing 2% corn steep liquor has been 
studied. Enzyme activity is determined by a direct measure- 
ment of the net amount of 6-glucose formed from a-glucose in a 
definite time interval. The method is based on the more rapid 
oxidation of 6- than a-glucose in buffered aqueous solutions 
of bromine at 0°. Other assay methods have been discussed. 

2. The enzyme was purified by precipitations with aluminum 
sulfate and ammonium sulfate, inactivation of glucose oxidase 
by treatment with alkali at pH 9.2, and a removal of nucleic 
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acid by treatment with Amberlite IR 45. Further purification 
by the use of the preparative ultracentrifuge yields prepara- 
tions showing only one peak which migrates slowly in the ana- 
lytical ultracentrifuge. 

3. The enzyme is a protein with a molecular weight of about 
70,000. Activity is lost in the presence of Hg**, but Mn** 
and Mg*+ are without effect. No coenzyme requirement has 
been established. The activity at a fixed enzyme concentra- 
tion increases with increasing glucose concentration up to a 
level of about 4%, and thereafter declines. 

4. Two new substrates for mutarotase are {-cellobiose and 
the heptose, §-p-glycero-p-galactoheptopyranose. 2-Deoxy-p- 
glucose is not a substrate. Evidence is presented that a single 
enzyme catalyzes all of the known mutarotations. 


Acknowledgments—Thanks are due to E. Taylor, E. A. Napier, 
and R. Iyengar for assistance in characterizing our mutarotase 
preparations in the analytical ultracentrifuge. We are very 
grateful to Dr. Eric Ellenbogen for aid in the interpretation 
of these studies. 
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There are relatively few enzyme-catalyzed reactions directly 
involving an asymmetric carbon atom, which result in inversion 
of configuration. Three such enzymes are maltose phospho- 
rylase, cellobiose phosphorylase, and B-amylase, which catalyze 
reactions of the following type with — of a group 
X by a different group Y. 


a a 


Such reactions have been considered to proceed by a single 
displacement mechanism (2). Other enzymes catalyze race- 
mization reactions of the type: 


a 


References to such stereoisomerases have recently been summa- 
The mechanism of these reactions is not well under- 
stood. Some of the pyridoxal phosphate-requiring amino acid 
racemases probably proceed through a Schiff base intermediate 
so that a single displacement mechanism is unlikely. Single 
displacement mechanisms are probably not involved in the 
racemization of hydroxy-acids for which a dehydrogenation 
step is necessary, and are ruled out for the diphosphopyridine 
nucleotide-requiring uridine diphosphogalactose-4-epimerase. 
In some other cases, there is insufficient evidence to determine 
reaction mechanisms with precision. 

One such racemization reaction which has been extensively 
studied by chemical methods is the mutarotation of glucose; 
the spontaneous, acid- and base-catalyzed mutarotations are 
believed to involve the intermediary formation of the open 
chain aldehyde. With purified preparations of mutarotase avail- 
able (4), it appeared possible to decide whether the enzymatic 
reaction represented a single displacement mechanism or was 
analogous to the chemically catalyzed reactions. 


EXPERIMENTAL 


Materials and Methods 


General—a-p-G]lucose was the standard dextrose sample ob- 
tained from the National Bureau of Standards. a-p-Galactose 


* A grant from the United States Public Health Service (A-725) 


was recrystallized as described by Bates et al. (5). 


2-Hydroxy- 
pyridine (Sapon Laboratories, Valley Stream, New York) was 


recrystallized twice from benzene, m.p. 108°. Histidylhistidine 
was obtained from Mann Research Laboratories. Mutarotase 
from Penicillium notatum was prepared as described by Bentley 
and Bhate (4). 

Polarimetric Methods—Optical rotation measurements were 
made in a jacketed 2-dm tube of 3 mm diameter, usually at 
24°; the tube, solvents, and all glassware were brought to tem- 
perature equilibrium for at least 15 minutes before solution of 
the sugar. After thorough mixing the sugar solution was drawn 
into a 5-ml hypodermic syringe attached to a 24 cm length 
of polyethylene tubing of internal diameter, 0.062 inches.!_ The 
plastic tubing was inserted through an open end of the polarim- 
eter tube, pushed all the way down to the closed end, and 
the sugar solution was then “injected” into the polarimeter tube 
with a simultaneous withdrawal of the plastic tube. The micro- 
polarimeter tube could thus be filled without shaking to remove 
bubbles, and readings were routinely obtained within 2 min- 
utes from the time of solution of the sugar. Equilibrium ro- 
tations were determined after allowing the solutions to stand 


overnight. 
For the reversible mutarotation reaction, 
B 


the mutarotation coefficient 


k = ki + ke = 1/t log >—=; 


ro is the optical rotation at zero time, r, the rotation at time 
t, and r,, is the final equilibrium rotation. k was determined 
from the plot of logio r; — r. against time and unless other- 
wise stated, all coefficients are expressed in logarithms to base 
10 and reciprocal minutes. The following symbols have been 
used: 

Kepont = measured mutarotation coefficient in water alone. 
If necessary to distinguish between H,O and D.O, the sub- 
script notation will read, “spont in H,O,” or “spont in D.O.” 

kos = measured mutarotation coefficient for a given cata- 


made this study possible, and is gratefully acknowledged. A 
preliminary report of some of this work has already been given (1). 
tT Present address, Antibiotic Research Centre, Hindustan Anti- 
biotics (Private), Ltd., Pimpri, India. 
1 Intramedic polyethylene tubing, PE 205, Clay-Adams, Inc., 
New York. 


1225 


G., 
1a, 

233 
ur. | 
11). 
H. 
and 
and 
ce, 
Cc Cc 
= 


1226 


lyst in water (HzO) unless further modified to indicate the use 
of DO. 

k, = catalytic coefficient (mutarotation coefficient for molar 
solution) for a given catalyst z. 

ku, ky» = catalytic coefficient for a given catalyst, the nature 
of which is known from the context, in HzO and DO. respec- 
tively. 

The ratio ky/kp has been determined in some cases from the 
equation 


ku/kp (Kobs in H,O Kspont in H,0)/(Kobs inD,O Kepont in D,0) 


where the two values of k,., in HzO and D,O were determined 
at the same catalyst concentration. In other cases a graphi- 
cal evaluation of ky and kp was made by determining the slope 
of the plot of values for k.., against catalyst concentration 
in both solvents. 

Isotopic Methods—D,O was obtained from Stuart Oxygen 
Company, San Francisco and the Liquid Carbonic Division of 
General Dynamics Corporation, San Carlos, California, on al- 
location of the United States Atomic Energy Commission. The 
material contained greater than 99.5% deuterium and will be 
referred to as 100% DO. p-Glucose-1-O", prepared by heat- 
ing ordinary glucose in HzO" solution for 18 hours at 100° (6), 
was kindly supplied by Dr. D. Rittenberg. We are also very 
much indebted to Dr. Rittenberg and Miss L. Ponticorvo for 
the mass spectrometric analyses for D and O*. 

Previous preparations of glucose-1-D had used carrier glu- 
cose-1-H (7) or yielded a material with a wide melting range 
(m.p. 141-149°) (8). An improved preparation of this mate- 
rial was devised. The method was based on the reduction of 
5-gluconolactone used in the preparation of glucose-1-C™% (9) 
and required only limited amounts of D,O. All reagents used 
were anhydrous and were carefully dried before use to mini- 
mize the dilution of DO as far as possible. p-Glucono-é-lac- 
tone (5 g), sodium acid oxalate (16.5 g), and oxalic acid (11 g) 
were put in a Waring Blendor in the cold room. Ice-cold DzO 
(20 ml) was added and the Blendor was run briefly to mix 
these reactants. Then 200 ml of anhydrous ether, cooled to 
—5°, and 65 g of ice-cold, 5% sodium amalgam in the form 
of “shot”? (10) were added. The mixture was homogenized for 
7 minutes, when a further 5 ml of ice-cold D,O were added, 
and the agitation continued for a further 8 minutes. After 
about 5 minutes, the temperature had risen to the boiling point 
of the ether. After cooling, the ether was decanted off, and 
the residue was centrifuged. The clear aqueous supernatant 
was distilled under reduced pressure in a closed system, about 
6 ml of DO being recovered. The residual salts were washed 
three times with methanol, mixing each time in the Waring 
Blendor. The combined methanol washings were evaporated 
to a thin syrup; this syrup and that obtained after removal 
of the DO from the original supernatant were dissolved in 
50 ml of water and treated with n NaOH until a permanent 
pink color to phenolphthalein was obtained. The solution was 
evaporated to a very thin syrup and 45 ml of methanol added 
slowly so that a solid precipitate formed. This precipitate was 
removed by centrifugation, and was washed with methanol (10 
ml). The combined supernatant and wash fluid were evapo- 
rated to a volume of 10 ml, and water, 5 ml, and methanol, 75 
ml, were added. A partly crystalline solid separated on stand- 
ing and the opalescent mother liquor was decanted and evapo- 
rated toa syrup. The syrup was treated three times with water 
(20 ml) re-evaporating to a syrup each time to complete the 


Mutarotase from P. notatum. II 


Vol. 235, No. 5 


exchange of labile deuterium in O—D linkages. The syrup, 
in water, 20 ml, was passed through a column (18 mm in di- 
ameter) containing at the lower end Amberlite IR 120 (H) 
(1.5 em) and above this, Amberlite MB 2 (22 cm). Elution 
with water gave a still acid solution (400 ml) which was evapo- 
rated to a volume of 20 ml, before repetition of the resin treat- 
ment. The final eluate, evaporated under reduced pressure to 
about 4 ml, was treated with methanol (6 ml) and then drop- 
wise with isopropanol (5 ml). Crystallization took place quickly 
on seeding with a very little anhydrous a-p-glucose-1-H. After 
standing overnight, the crystalline mass was filtered and washed 
with ethanol; yield, 2.73 g. On standing of the washings, a 
second crop slowly separated (0.24 g). Measurement of optical 
rotation indicated that the first crop material was a mixture 
of a@ and @ anomers, in almost the proportions of the usual 
equilibrium mixture. The second crop material, however, was 
almost pure @ anomer, m.p. 146-147°. The first crop material 
was obtained as the a anomer, m.p. 147°, by a slow recrystal- 
lization from methanol-isopropanol. The equilibrium rotation 
of recrystallized glucose-1-D was determined accurately from 
the average of nine determinations; [a]> = +52.65 + 0.19°. 
The substitution of H by D in this case apparently has no 
detectable effect on the optical rotation. The material was 
found on analysis to contain 1.1 atoms of deuterium per mole- 
cule. 


RESULTS 


Reaction Mechanism—Although it is probable that the spon- 
taneous and acid-base catalyzed mutarotation of glucose pro- 
ceeds through the intermediate aldehyde structure, the possi- 
bility of dehydration or dehydrogenation mechanisms with 
mutarotase could not be excluded a priori. Experiments were 
therefore carried out to determine whether O' was lost from 
glucose-1-O'8 during mutarotation in H,O'® or whether H was 
lost from glucose-1-H during mutarotation in D,O. 

1. Mutarotation of Glucose-1-O8 in H,O—Thirty-five milli- 
grams of p-glucose-1-O" (4.45 atom % excess O") were dis- 
solved in 1 ml of deionized water, and left for 3 hours at 21°; 
in a second tube, 125 wg of mutarotase in 0.05 ml of HzO were 
also added. The solutions were lyophilized, the residues dis- 
solved in 1 ml of water, and again lyophilized. The dry resi- 
dues were taken up in 1 ml of hot ethanol and filtered; a further 
1 ml of ethanol was used to wash the filter. The filtrate was 
evaporated to about 0.5 ml, seeded with a very little glucose, 
and allowed to crystallize, first at room temperature for 2 days, 
and then in the cold room overnight. The crystallized glu- 
cose was filtered, washed with 3 to 4 ml of ice-cold ethanol, 
and dried over phosphorous pentoxide in a vacuum. The re- 
covered glucose was 25.7 mg in the control experiment, and 
28.1 mg in the experiment with mutarotase. Both samples had 
m.p. 147°. O analyses of the recovered samples gave the fol- 
lowing values in duplicate determinations. Spontaneous muta- 
rotation, 4.10, 4.03 atom % excess O"; enzyme-catalyzed muta- 
rotation, 4.05, 4.08 atom % excess O. 

2. Mutarotation of Glucose-1-H in DxO—In these experiments, 
100 mg of a-p-glucose-1-H were dissolved in 5 ml of D,O or 
in the same volume of DO containing 1 mg of lyophilized 
mutarotase. Mutarotase was known to be stable to lyophili- 
zation. After standing at 21° for 3 hours the solutions were 
lyophilized; the residues were dissolved in H,O (2 ml) and 
again lyophilized. This operation was repeated four times, be- 
fore crystallization of the glucose, to ensure removal of any 
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Fiac. 1. Mutarotation of a-p-galactose in and Curve 
A, DO alone; Curve B, DO plus mutarotase, 19.2 ug per ml; 
Curve C, HO alone; Curve D, H2O plus mutarotase, 19.2 ug per ml. 
r, is the observed optical rotation at time ¢, r,, the final equilib- 
rium rotation. In each case the galactose concentration was 2%. 
The experiment with mutarotase in D,O was carried out with a 
previously lyophilized preparation as described in the text. The 
initial deviations from linearity due to the rapid phase of the 
galactose mutarotation do not show well on these condensed plots. 
They are most obvious in the two D.O experiments shown in 
Curves A and B. Many more points than can be conveniently 
shown were obtained for the early, rapid phase of the mutarota- 
tion. 


labile D. The duplicate deuterium analyses were as follows; 
spontaneous mutarotation, 0.052, 0.038 atom % excess D; en- 
zyme-catalyzed mutarotation, 0.047, 0.037 atom % excess D. 

Another possible enzymatic mechanism was suggested by the 
observation of Swain and Brown (11) that 2-hydroxypyridine 
was a bifunctional catalyst for the mutarotation of tetramethyl 
glucose in benzene solution. If mutarotase were a bifunctional 
mutarotating catalyst, 2-hydroxypyridine might be an enzyme 
inhibitor. Mutarotation coefficients were therefore  deter- 
mined for 2% glucose solutions, both with and without 0.01% 
2-hydroxypyridine, and with and without mutarotase. The hy- 
droxypyridine had no effect, either on the spontaneous or on 
the enzyme-catalyzed reaction. 

Kinetic Experiments—In view of the known effect of solvent 
D.O in decreasing mutarotation rates (12), and of the variation 
of the ky/kp ratio with the nature of the catalyst, the spon- 
taneous and enzyme-catalyzed mutarotations of a-p-glucose-1- 
H, a-p-glucose-1-D, and a-p-galactose-1-H were compared in 
HO and DO. For experiments in 100% D.O, an appropriate 
volume of enzyme solution in H,O, usually 0.3 ml, was lyophil- 
ized; great care was taken that none of the flaky, dried prep- 
aration was lost. After further drying overnight with calcium 


chloride in a vacuum desiccator at 0° the residue was redis- 
solved in a given volume of 100% DO. Typical kinetic plots 
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are indicated in Fig. 1 for the spontaneous and enzyme-cata- 
lyzed mutarotation of a-p-galactose in both HzO and D.O; with 
this sugar mutarotation coefficients were determined for both 
the fast and slow mutarotations as described by Isbell and 
Pigman (13). The results of these experiments are given in 
Tables I (glucose-1-H and glucose-1-D) and II (galactose-1-H). 

In the experiments just described, the mutarotase was usually 


TABLE 


Mutarotation coefficients for a-p-glucose-1-H 
and a-p-glucose-1-D in and 100% 

The measurements with glucose-1-H were made at 23° and with 
glucose-1-D at 24°, with 2% substrate concentrations. In the 
latter case, the values given are averages from two determina- 
tions. The coefficients in H2O, corrected to 20° with the same 
value for the activation energy in each case are 62.4 X 10-4 (glu- 
cose-1-H) and 63.2 X 10-4 (glucose-1-D); the accepted value for 
glucose-1-H is 63.2 K 10-4 (5). The enzyme used was a prepara- 
tion of Fraction F which in the bromine oxidation assay (4) had, 
originally, an activity of 250 wmoles net 8-glucose per mg protein 
per 20 minutes. A mutarotation coefficient determined at that 
time gave a value of 213.2 X 10-4 (25 ug protein per ml). The en- 
zyme had been stored for several months before the glucose-1-H 
experiments and again before the glucose-1-D experiments. In 
each case there had been some loss of activity, and consequently, 
it appears that there is a large difference in the coefficients of 
glucose-1-H and glucose-1-D. Subsequently, k,., was measured 
for the two substrates under identical conditions with a different 
mutarotase preparation (54.0 ue per ml); the coefficients were 
respectively 219.3 10-4 and 211.3 10-4 for glucose-1-H and 
glucose-1-D and it is apparent that there is little or no difference 
between the two compounds. 


ug/ml 104 Robs, min™ 
Glucose H | D.0| 0 | | 3-58 (Water 
TaBLe II 


Mutarotation coefficients for a-p-galactose in H.O and 100% DO 


All measurements were made at 24° and galactose concentra- 
tions of 2%. For the fast mutarotation reactions, the coefficients 
are expressed as 10? k,,,, min~', and for the slow reactions as 
104 kos, min-'. The coefficients for galactose in water alone, 
corrected to 20°, are 77.3 X 10°% and 79.6 XK 10-4 min“’, respec- 
tively, for the fast and slow reactions. The literature values are 
79.0 X 1073 and 80.3 X 10~‘, respectively (5). 


Fast Slow 
(mutaro- ‘mutaro- 
Solvent; 2 | tation | ku/kp for fast reaction | tation | £—/kp for slow reaction 
| coeffi- coe 
S cient cient 
wal 
ml 
108.4 119.0 
D.0 | 0 | 28.8/| 2:76 (Water) gg 4{| 3-10 (Water) 
H.O 24 125.5 167.7 
D.O | 24 | 55.4 0.64 (Mutarotase) 81.9 1.12 (Mutarotase) 
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TaBLeE III 
Mutarotation coefficients for glucose-1-H and 
galactose in and 92.6% 

In these experiments, 100 mg of substrate were weighed into a 
5-ml volumetric flask. Four milliliters of 100% D2O were added, 
followed by 0.37 ml of mutarotase solution in H:O. The volume 
was then made to 5 ml with more 100% D:0O and after thorough 
mixing, optical rotations were determined in the usual way. The 
final mutarotase concentration was 23.7 wg per ml. All determi- 
nations were made at 24°. The coefficients for galactose are those 
for the slow mutarotation only. The ku/kp ratios have been cal- 
culated with the values for spontaneous mutarotation in H:O 
and 100% D-O given in Tables I and IT. 


104 Robe, min™ 
Glucose 156.8 
Glucose 92.6% DO 65.6 1.73 (Mutarotase) 
Galactose H.O 178.3 
Galactose 92.6% DO 78.5 1.47 (Mutarotase) 


20 40 60 


Protein, / mil. 


Fig. 2. Determination of ky/kp ratio in 94% D.O (volume for 
volume) for the mutarotase reaction with a-p-glucose-1-H. @— 
—@, experiments in H:0; A——A, experiments in 94% D,O. 
The conditions are those described in the text. The enzyme used 
was a later sample of Fraction F than that described in Table I. 


used within 30 minutes after solution in D,O. To investigate 
the possibility that a different result might be obtained after 
a longer period for equilibration with D,O, a comparison of the 
rates was made with enzyme stored overnight at 0° in HO 
and D,O solutions, or as the dry solid. The results of this 
experiment gave ky/kp values of 1.97 (freshly dissolved enzyme) 
and 2.12 (solution stored overnight) indicating that such equi- 
libration had no significant effect. . 

In view of possible errors in the lyophilization process, a 
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similar determination of the ky/kp ratio was carried out in 92.6% 
D.O (volume for volume) with a-p-glucose-1-H and a-p-galac- 
tose and accurately measured volumes of the same mutarotase 
preparation in H,O used in the earlier work. The results of 
these experiments, shown in Table III, gave a value of 1.73 
for glucose and 1.47 for galactose. In a further experiment, 
a graphical determination of the ka/kp ratio with glucose was 
carried out with the use of three different mutarotase concen- 
trations in HO or 94% DO (volume for volume). This graphi- 
cal determination (see Fig. 2) was probably the most accurate 
and gave a value of 1.85 for the ratio in 94% DO; this agreed 
well with the value of 1.86 obtained in 100% D.O. 

Seltzer et al. (14) have discussed the difficulties of assessing 
D.O effects in enzymatic reactions and have raised the ques- 
tion whether a comparison in HzO and D,O is properly made 
under identical buffer conditions or under conditions where pH 
= pD. They have suggested that until a mechanism is thor- 
oughly understood, the safest comparison is probably that be- 
tween the rates on the two plateaus, at the maximum rates. 
A further consideration in a reaction with a high spontaneous 
rate, as is the case in mutarotation, is the need to work under 
conditions which minimize the spontaneous rate. In the pre- 
ceding experiments it had been considered desirable to work 
in unbuffered systems to avoid the further complication of a 
significant catalytic contribution of the buffer itself. 

For the spontaneous mutarotation in dilute HO buffer solu- 
tions, an almost constant minimum mutarotation rate was ob- 
served from pH 2.37 to 6.91 by Isbell and Pigman (15). In 
this work, the range from pH 4.6 to 6.45 was covered by 
potassium hydrogen phthalate buffers and from 6.43 to 6.91 
by o-nitrophenol buffers. With the use of 0.005 m phosphate 
buffers we have observed a more pronounced rise in the muta- 
rotation rate at pH > 6.1. Solutions of 2% glucose or galac- 
tose in HO have pH = 5.7, so it is clear that an unbuffered 
spontaneous determination at pH 5.7 is well within the mini- 
mum plateau. 

For the enzymatic reaction, a pH optimum of about 5.8 was 
indicated by Levy and Cook (16) although measurements at 
higher pH were not made. We have observed with our prep- 
arations that there is a somewhat decreased activity beyond 
pH 6.0, amounting to a 13% reduction at pH 6.7. Our mu- 
tarotase measurements in HO alone at pH 5.7 were there- 
fore made within the pH maximum range of the enzyme. 

In 2% D0 solutions, glucose and galactose showed a pH 
value measured with the glass electrode of 6.5. With the cor- 
rection of +0.4 to convert to pD (17), the sugars in unbuffered 
D.O solutions were therefore at pD 6.9. With 0.005 m phos- 
phate buffers, we have observed that the pD minimum plateau 
for spontaneous mutarotation extends to at least pD 6.8 or 
6.9. With mutarotase, the same mutarotation coefficient was 
observed at pD 6.3 and 6.8. The experiments in unbuffered 
D.O solutions at pD 6.9 were therefore within the minimum 
plateau for spontaneous mutarotation; for the enzymatic reac- 
tion, there may at most have been a small error if the pD op- 
timum shows a slight fall at pD 6.9. 

A further determination of the ku/kp ratio was made at pH 
6.1 and pD 6.3, with 0.005 m phosphate buffer solutions. Both 
of these values are within the pH or pD optimum range for 
the enzyme and within the pH or pD minimum for the spon- 
taneous reaction; in addition they are at conditions where pH 
« pD. With two levels of enzyme concentration, the ratio 
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Fic. 3. Determination of ky/kp ratio for mutarotase catalysis in 
buffered solutions. In these experiments, 0.005 m phosphate 
buffer solutions were used; buffers in DO solution were prepared 
by evaporation of a given volume of H,O buffer, followed by dry- 
ing and re-solution in the same volume of D.O. The enzyme 
preparation was a sample of Fraction F which had been kept for 
a prolonged period of time in a deep freeze, and was the least ac- 
tive of the preparations used in the present work. The pH of the 
experiments in H,O buffer (@——@) was initially 6.2 falling to 
6.0 over 45 minutes; in the D,O buffer (A——A) the initial pH 
was 5.9 (pD = 6.3) falling to 5.6 (pD = 6.0) over the same period. 
The reason for the decline in pH with this mutarotase sample is 
not known; however, the plot of logio r: — r,, against time was rigidly 
linear in each case for at least 45 minutes. A possible reason for 
the observed acid production would have been the presence of 
some glucose oxidase; however, using the same amounts of en- 
zyme, this enzyme could not be determined in manometric experi- 
ments. In the D,O experiments, 4 ml of 100% D.O was added to 
100 mg of a-glucose in a 5-ml flask. Either 0.2 or 0.4 ml of en- 
zyme in HO was added and the volume was finally made to 5 ml 
with 100% D0. The experiment with 0.2 ml enzyme (= 40 ug 
protein) was therefore in 96% D.O and with 0.4 ml enzyme (= 80 
ug protein) in 92% D.O. 


was determined graphically from the results shown in Fig. 3. 
The ku/kp ratio was 1.78 and thus agreed closely with the 
previous values in unbuffered solution of 1.73 (92% DO), 1.85 
(94% and 1.86 (100% 

The values obtained for the ku/kp ratio with mutarotase did 
not agree with those for any of the catalysts previously reported 
in the literature (see ‘“‘Discussion’’). It was, however, known 
from the work of Westheimer (18) that amino acids catalyze 
mutarotation, and that histidine at about pH 6.0 to 6.5 is ac- 
tually a better catalyst than the same amount of strong acid. 
It, therefore, seemed possible that histidine might have been 
involved in the active site of mutarotase, and that information 
on this point might be obtained from a determination of the 
ku/kpy ratio for histidine and histidine containing peptides. 
These ratios were determined for .t-histidine (see Fig. 4) and 
a preparation of histidylhistidine (see Fig. 5). The values were 
3.68 and 3.85, respectively. In these experiments the HO 
solutions were at pH 6.5 and the DO solutions at the same 
pH measured with the glass electrode; the pD was, therefore, 
6.9. 
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Fig. 4. Determination of ky/kp ratio for histidine catalysis of 
glucose mutarotation. @——@, experiments in H.O; A——A, 
experiments in 100% D.O. To prepare the histidine solutions, 
equal volumes of 0.02 m L-histidine and 0.003 m L-histidine dihydro- 
chloride were mixed and evaporated to dryness under reduced 
pressure. The dried residues were redissolved in appropriate 
volumes of either HO or D,O as required to obtain the desired, 
final concentrations. Such solutions all had pH values very close 
to 6.5. 
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Fic. 5. Determination of ky/kp ratio for histidylhistidine catal- — 

ysis of glucose mutarotation. @——@, experiments in H,0O; 

A——A, experiments in 100% D.O. 0.02 m histidylhistidine, 

pH 6.55, was prepared by dissolving 0.292 g of histidylhistidine in 

20 ml of water, adding 0.1 Nn HCl (about 4.5 ml) to pH of 6.5, and 

making the solution to 50 ml. Aliquots of this solution were 

evaporated to dryness and then redissolved in either H:O or DO 

with appropriate volumes to obtain the desired, final concentra- 
tions. 


DISCUSSION 


Since there is no significant exchange of carbon-bound hy- 
drogen or C, oxygen in the mutarotase reaction, reaction 
mechanisms for this enzyme based on dehydration or dehydro- 
genation involving carbon bound hydrogen are clearly ruled out. 
Similar conclusions have been reached from tracer studies of 
the spontaneous and base catalyzed reactions (19). The O*% 
experiments also rule out single displacement mechanisms of 
the type which were once considered for the enzymatic glucose- 
galactose interconversion (2). Since the substitution of D for 
H at C;, in glucose has a negligible effect on the rate of the 
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spontaneous and mutarotase catalyzed process, it is again clear 
that the C,—H bond is not broken in either process and that 
hydrogen at this position exerts no influence. The open chain 
aldehyde is therefore the most likely intermediate during the 
interconversion of the C, chair forms of the glucose anomers 
by mutarotase, as it is in spontaneous and general acid-base 
catalysis. 

The free aldehyde concentration in 0.655 m glucose solution 
is, however, only 0.0026% (20), but for a series of sugars (21) 
the amount of reducible form in soluton (7.e. aldehyde) increases 
with the number of “instability factors” (22) associated with 
the individual molecular conformation. As shown in Table IV, 
mutarotation coefficients for the various aldoses increase in 
the order, heptoses < disaccharides < hexoses <_ pentoses, 
paralleling the stability order of these compounds and their 
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derivatives. Within individual groups, there is a relationship 
between mutarotation coefficient, amount of reducible form at 
equilibrium and the number of ring instability factors. For 
mutarotase, the substrate types show the following order of 
effectiveness; heptose < disaccharides < hexoses > pentoses 
(4). Mutarotase action is apparently restricted to those sugars 
which normally contain only small amounts of reducible form 
in the equilibrium solution, which have low mutarotation coeffi- 
cients and which have the steric requirements outlined in the 
preceeding paper (4). 
Reactions of the following type, 


S + H+ >= SH*t SH* — products 


usually proceed more rapidly in D,O than in HzO; D20O is less 
basic than HzO and therefore the substrate (S) competes with 


TABLE IV 


Relationship of ring conformation and instability factors to mutarotation coefficient, amount of free aldehyde at 
equilibrium, and substrate effectiveness to mutarotase 


Instability factors? 
a B 
Heptose 
p-Glycero-p-galacto- 0.62 Complex 0.23 C-1 1,4 4 
heptopyranose 

Disaccharides 

Cellobiose 0.73 Simple 0.26 C-1 1 

Lactose 0.75 Simple 0.32 C-1 1 

Maltose 0.85 Simple 0.07 C-1 1* 

Hezoses 

p-Glucose 1.00 Simple 1.00 1.00 1.00 C-1 1 

p-Galactose 1.27 Complex 3.4 2.9 0.82 C-1 1,4 4 

p-Mannose 2.74 Simple 2.7 2.5 0.0 C-1 1,2 A2 

p-Gulose’ 3.02 Simple C-1= 1-C | 1,3,4 (C-1) 3,4 (C-1) 
A2,5 (1-C) H,1,2,5 (1-C) 

p-Talose 4.15 Complex C-1=1-C | 1,2,4 (C-1) A2,4 (C-1) 
H,3,5 (1-C) H,1,3,5 (1-C) 

Pentoses 

p-Xylose 3.21 Simple 7.1 2.7 0.11 C-1 1 

L-Arabinose 4.75 Complex 11.7 6.2 0.26 C-1 4 1,4 

p-Ribose 7.76 Anomalous 354 46.1 C-1 1,3 3 

p-Lyxose 8.98 Simple 16.7 6.2 C-1=21-C | 1,2 (C-1) A2 (C-1) 
3,4 (1-C) 1,3,4 (1-C) 


@ These coefficients are for the slow reaction only in cases of complex mutarotation. 
For a-p-glucose, k = 0.00632 (decimal logarithms, min~'). 


by Bates et al. (5) for reactions at 20° relative to glucose = 1. 


The values are calculated from those quoted 


’ Complex refers to a mutarotation showing a fast and slow reaction similar to that of galactose. 


¢ Results of Cantor and Peniston (23) for 0.25 m solutions at pH 7.0 and 25°, relative to glucose = 1. 


For glucose, the % of aldehyde 


(reducible form) quoted by these authors is 0.024 under the above conditions. See also Los et al. (20). 


4 Results of Overend et al. (21) relative to glucose = 1. 


For glucose, k; = 13 (sec). 


¢ Results of Levy and Cook (16) and Bentley and Bhate (4) relative to glucose = 1. 


4 For p-glycero-p-galactoheptopyranose, the conformation is that predicted on the basis of the known instability factors. 
disaccharides, the conformation quoted is that for the reducing glucose unit as determined by Bentley (24). 


are those given by Reeves (22). 


9 The numbers refer to an axial group other than hydrogen on the carbon atom of that number. 
cially important condition where the C—O bond of an axial OH group at C, bisects the two C—O valences of C;. 


For the 
All other conformations 


The symbol A2 refers to an espe- 
H indicates the 


Hassel-Ottar effect when an axial group on C; occurs on the same side of the ring as another axial group (see Reeves (22)). 
h Maltose has an over-all decreased stability compared to cellobiose as a result of boat conformations present in the nonreducing 


glucose unit (see Bentley (24)). 


i The coefficient for gulose refers to that of the calcium chloride complex. 


Vol. 235, No. 5 


| 
p 
| b 
ti 
| pe 
re 
fo 
1. 
al 
ac 
ac 
m 
we 
l. 
cos 
1,4 
3 fo 
| ap] 
Th 
OV 
cat 
op 
zyn 
fer 
site 
of 
| 
rot 
obs 
| 
no 
was 


less 
vith 


1oted 
hyde 


the 
tions 


espe- 
s the 


ucing 


May 1960 


the solvent for D* more effectively in D,O than for H+ in H,O 
(12). The mutarotation of glucose was however one of the 
first examples known of an acid catalyzed reaction proceeding 
more slowly in D,O. Since the observation of kuy/kp > 1 has 
been interpreted to eliminate a pre-equilibrium proton trans- 
fer mechanism, a one step slow protonation with simultaneous 


ring opening (see Fig. 6) was suggested by Bonhoeffer (25) . 


and Bell (26) and more recently was supported by Purlee (27). 
On the other hand, Challis et al. (28) have interpreted the ob- 
served ratio somewhat differently. They suggest that a pre- 
equilibrium proton transfer may occur, leading to a greater 
concentration of conjugate acid in D2O (see Fig. 7); other things 
being equal, the kx/kp ratio would therefore be less than 1. 
But since the hydrogens of the glucose hydroxyl groups equi- 
librate instantaneously with solvent D2O, bonds broken in the 
subsequent slow step are C—O and O—H in H.O and C—O 
and O—D in DO. In this slow rate-determining step, the 
probable ku/kp ratio of about 3 for breakage of the O—H 
bond would overcome the effect of the pre-equilibrium proton 
transfer, and the over-all process would be slower in D,O. 

Although a general agreement as to which mechanism operates 
in the case of general acid-base catalysis has apparently not 
been reached, certain conclusions about the mutarotase reac- 
tion are possible. In all mutarotations so far studied, the ku/kp 
ratio for glucose is greater than 1, but the precise value de- 
pends upon the nature of the catalyst. In the acid-catalyzed 
reaction, the ratio decreases with increasing acid strength as 
follows; water alone, 3.8 or 3.16; acetic acid, 2.6; strong acid, 
1.37 (29); with tetramethylglucose the ratios are 3.2 for water 
alone and 1.31 for strong acid (28). In the base-catalyzed re- 
action, values of 2.35, 2.42 and 2.54 are obtained with chloro- 
acetate, acetate and trimethylacetate, respectively (30). For the 
mutarotase reaction, the ku/kp ratios determined in the present 
work under a variety of conditions have been within the range 
1.73 to 2.12 with glucose-1-H; for one determination with glu- 
cose-1-D, the ratio was 1.80, and two determinations for the 
slow mutarotation of galactose-1-H gave values of 1.12 and 
1.47. These values are therefore within the range of those 
found for catalysis by water and acids or bases. It is signif- 
icant that the ky/kp ratio does not fall below 1, nor does it 
approach a value of ~7 which would indicate a C—H cleavage. 
The observed ratios are therefore interpreted to indicate an 
over-all similarity in the spontaneous, acid-, base-, and enzyme- 
catalyzed mutarotations. In view of the somewhat acid pH 
optimum of mutarotase it is possible that mutarotase initially 
catalyzes a reaction of proton addition (“acid” catalysis) rather 
than of proton abstraction (“base”’ catalysis). 

Although the determination of the ku/kp ratios for the en- 
zymatic catalysis of mutarotation establishes a proton trans- 
ferring function for the enzyme, the precise nature of the active 
site cannot be elucidated from the present results. In view 
of the observed effectiveness of histidine as a mutarotase ca- 
talyst (18) a possible role for histidine at the active site was 
considered. The ku/kp ratio for histidine-catalyzed muta- 
rotation was, however, found to be much higher than that 
observed with mutarotase, or with other acid catalysts. The 
possibility exists that a lower ratio might be obtained for a 
specific histidine unit in a protein chain; there was, however, 
no significant change in the ky/kp ratio when histidylhistidine 
was substituted for histidine. 

Swain and Brown (11) observed that 2-hydroxypyridine, but 
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E E 
HO) H (0) 
0 + E-H(D) 
H 


Fic. 6. The one-step mechanism for mutarotation. In this 
and subsequent figures, mutarotase has been represented as E-H 
and the substrate is a-glucose drawn in the C-1 conformation and 
omitting substituents at carbon atoms other than C,;. Hydrogen 
atoms which exchange instantaneously with solvent D.O are fol- 
lowed by the symbol, (D). Since the kx/kp ratio with mutarotase 
was observed to be independent of the time of equilibration of 
enzyme with D.O, it is concluded that the catalytically active 
proton of the enzyme exchanges instantaneously with D,O. It is 
therefore justifiable to write mutarotase in D.O as E-D. The 
reacting base is written as E~, although other possibilities such as 
water cannot be excluded. 


E-H (D) E+ 
H (D) H (D) 
| \ | E-H(0) 
a 
OH(D) 0 


Fig. 7. The pre-equilibrium proton transfer mechanism for 
mutarotation. 


neither the 3- nor 4-hydroxy compound, is a powerful bifunc- 
tional catalyst for mutarotation of tetramethylglucose in ben- 
zene, functioning by a concerted displacement mechanism. 2- 
Hydroxypyridine does not alter the mutarotation coefficient 
of glucose itself in water. Swain and Brown noted that the 
bifunctional catalysis of 2-hydroxypyridine resembled enzymatic 
catalysis in a number of respects and it was an attractive pos- . 
sibility that mutarotase behaved as a bifunctional catalyst in 
formation of glucose aldehyde. An approximate evaluation of 
ke-nydroxypyridine for the tetramethylglucose mutarotation leads 
to a value of 1.82 (natural logarithms, min-) which may be 
compared with our value of 9.75 X 10‘ for mutarotase (4) since 
glucose and tetramethylglucose have similar mutarotation co- 
efficients. It is apparent that if mutarotase is a polyfunctional 
catalyst of this nature, other factors must account for its greater 
activity. It also seemed possible that 2-hydroxypyridine might 
complex either with glucose, or with the active site of mutaro- 
tase, and thus function as a specific enzyme inhibitor. The ex- 
periments reported here show that this was not so. 
Consideration of the bonds undergoing cleavage suggests that 
the observed ku/kp ratio with mutarotase may, in fact, rule out 
the concerted displacement mechanism of bifunctional catalysis 
for formation of the intermediate aldehyde. With the HO— 
=N— catalytic group found in 2-hydroxypyridine, the reac- 
tions involved in H,O and D.O are compared in Fig. 8. It will 
be noted that bonds cleaved in H,O are C—O and two O—H, and 
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©) 
(OH 


Fic. 8. The concerted it mechanism for formation 
of glucose aldehyde. S represents substrate glucose which is 
subsequently written as the chair conformation, although not in 
the conventional manner. The representation used here is con- 
venient to indicate the steric interaction with the catalytic group- 
ing. 


in DO, C—O and two O—D. Although there may be rate 
differences in the formation of the initial intermediate complex, 
it seems most likely that the rate determining reaction in- 
volving the cleavage of two O—D bonds as against two O—H 
bonds would lead to a much higher ky/kp ratio than is actually 
observed. 

With a-p-galactose, we have determined ky/kp ratios of 0.64 
for the fast reaction and 1.12 and 1.47 for the slow reaction in 
experiments with mutarotase. For the water-catalyzed, spon- 
taneous reaction, the ky/kp ratios were respectively 3.76 and 
3.10 for the fast and slow mutarotations. Previously, Nicolle 
and Weisbuch (31), using the Hg line at 5461 my reported the 
ku/kp ratio for the spontaneous mutarotation as 3.3 (16.5°), 3.0 
(19°), 3.2 (19°) with a-p-galactose, and as 3.8 (20°) with 6-p- 
galactose. They do not state however, whether their constants 
refer to fast or slow mutarotations, or are an average value. 
There are apparently no determinations of kn/kp ratios for ga- 
lactose with catalysts other than water, but it is apparent that 
there is the same trend from a value of about 3.0 (water) to about 
1.0 (mutarotase) as is observed with glucose. It should be noted 
that the measurements of the fast reaction under our conditions 
are less precise than for the slow reaction, and there is probably 
a considerable error in the observed ku/kp ratio for the enzyme 
catalyzed rapid reaction. It is also to be noted that the signifi- 
cance of the rapid reaction with galactose and other sugars is not 
clear. Although Isbell and Pigman (15) attribute the phenom- 
enon to a pyranose-furanose interconversion, Rundle and Hen- 
dricks (32) have shown that their results can be equally inter- 
preted in terms of the Lowry-Smith mechanism which considers 
only the three components, a and 8 anomers and the straight 
chain aldehyde. A possible confirmation of this conclusion is 
our observation that although mutarotase catalyzes both reac- 
tions with galactose, Levy and Cook (16) have shown that the 
pyranose-furanose transformation in fructose is not catalyzed 
by mutarotase. 


SUMMARY 


1. In the mutarotase reaction, there is no introduction of car- 
bon bound deuterium from solvent DO and no labilization of 
the hydroxyl group at C, of glucose. Substitution of C,—H 
by C,—D has no effect on the rates of spontaneous and enzyme- 
catalyzed mutarotation. An improved synthesis of glucose-1-D 
is described. 

2. 2-Hydroxypyridine, a bifunctional catalyst for mutarota- 
tion of tetramethylglucose in benzene, does not inhibit mutaro- 
tase. 
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3. For glucose-1-H under a variety of conditions in unbuffered 
solutions, kx/kp for mutarotase catalysis was within the range 
1.73 to 2.12; one determination with glucose-1-D gave a ratio of 
1.80 and two determinations for the slow mutarotation of galac- 
tose gave ratios of 1.12 and 1.47. In 0.005 m phosphate buffer 
solutions at pH = 6.1 and pD = 6.3 (both being within the pH 
or pD optimum range) the mutarotase-catalyzed reaction gave 
ku/kp = 1.78. Histidine, a possible component of the active 
site of mutarotase, gave a ky/kp ratio with glucose of 3.68; with 
histidylhistidine, the ratio was 3.85. 

4. The general interrelationships between ring conformation 
and stability on the one hand, and mutarotation coefficient, 
amount of reducible form at equilibrium and substrate effective- 
ness to mutarotase, on the other hand, are considered for hep- 
toses, disaccharides, hexoses, and pentoses. 

The reaction mechanism of mutarotase does not involve dehy- 
dration, any dehydrogenation reaction on carbon-bound hydro- 
gen, or the hydrated derivative of glucose aldehyde; nor is a 
single displacement mechanism involved. The enzyme-cata- 
lyzed mutarotation is essentially similar to the spontaneous or 
acid catalyzed process; mutarotase is an enzyme with a proton- 
transferring function. 
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The inhibition of respiration which occurs after the addition 
of carbohydrates to tumor cells was first noted by Crabtree (1) 
in 1929. Since then similar inhibitory effects of carbohydrates 
have been observed in other laboratories (2-6) and a few theories 
have been advanced to explain these findings. Such theories 
consider the inhibition as resulting from a depletion of a metabo- 
lite such as orthophosphate, adenosine triphosphate, or adenosine 
diphosphate at the site of enzyme action thus giving rise to a 
rate-limiting reaction. 

The time course of the initial response of suspensions of ascites 
tumor cells to the addition of glucose has recently been inves- 
tigated in detail by Chance and Hess (3, 4) employing rapid 
‘methods of analysis. It was shown that immediately after glu- 
cose addition, the endogenous respiration was accelerated for 
about 1 minute, after which respiration was greatly inhibited, 
i.e. below the initial endogenous rate. These investigators 
postulated that ADP formed in glucose phosphorylation became 
available to mitochondria, which have a high affinity for this 
substance. The acceleration of respiration was then brought 
about in a manner believed similar to that in which isolated 
respiring mitochondria respond to ADP. In support of this, 
Chance and Hess also showed that the oxidation and reduction 
of cytochrome 6 and DPN were coincident with the acceleration 
and inhibition of respiration. It was further found that not 
only was respiration inhibited, but the dissimilation of glucose 
also decreased. 

To explain the inhibition it was proposed by Chance and Hess 
(3) and also by Racker (2) in a similar study (cf. also Lynen and 
Koenigsberger (7)), that the ATP synthesized in mitochondria 
during the accelerated phase of respiration was not available for 
the phosphorylation of glucose. This theory would explain the 
inhibition of both respiration and glucose dissimilation. It was 
suggested (3) that the characteristics of the mitochondrial mem- 
brane may have changed after the addition of glucose. 

The addition of ADP to isolated phosphorylating mitochondria 
causes an acceleration of respiration and a characteristic change 
in the oxidation-reduction level of the respiratory enzymes (8). 
However, ADP addition has also been recently observed to cause 
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a shrinking of the mitochondria, as judged by increased light 
scattering (9, 10). Shrinking and swelling of mitochondrial sus- 
pensions are synchronized with the acceleration and inhibition of 
respiration caused by the addition and depletion of ADP, as 
shown by simultaneously monitoring light scattering, respiration, 
and the oxidation-reduction state of the cytochromes. 

Assuming that the ADP generated during glucose phosphoryla- 
tion in ascites cells is available to the mitochondria, it was hy- 
pothesized that an increased light scattering should accompany 
the above mentioned response of ascites cells to glucose. If ATP 
does not escape from shrunken mitochondria as readily as from 
swollen mitochondria and is also itself effective in maintaining 
mitochondria in a contracted state (11-15), a decrease in mito- 
chondrial size would provide an explanation for the inability of 
intramitochondrial ATP to serve in glucose phosphorylation. 
This article reports on simultaneous measurements of changes in 
light scattering and metabolism accompanying the addition of 
carbohydrates to Ehrlich ascites tumor cells, and the relation- 
ship of these findings to the control of metabolism. The results 
indicate that under appropriate conditions light scattering meas- 
urements can be employed to study changes in mitochondrial 
structure within living cells. 


METHODS 


Lettré Ehrlich ascites tumor cells were originally obtained 
from the Institute for Cancer Research, Philadelphia, as the 
hyperdiploid strain. The cells were transferred by intraperito- 
neal injection at weekly intervals. Ascitic fluid was withdrawn 
after 7 to 9 days and the cells washed several times in Krebs- 
Ringer-phosphate buffer. The washing procedure consisted of 
centrifuging the suspension at 1500 xX g for 10 minutes and de- 
canting the supernatant and carefully removing the erythrocytes 
which collected at the upper surface of the packed tumor cells. 
Usually two to three washes were required to remove the erythro- 
cytes from the tumor cells. The cells were finally resuspended 
and experiments carried out in the Krebs-Ringer-phosphate 
buffer. The cell suspension was stored at 0°, and experiments 
were carried out at 24-26°. In one series of experiments (Table 
II) the Hauschka strain of Ehrlich ascites were used. These 
cells gave the same results as the Lettré strain. 

The concentration of cells used in experiments was determined 
by counting, measuring packed cell volume, and by protein de- 
terminations (16). Packed cell volume was determined in quad- 
ruplicate by centrifuging aliquots of the cell suspension in the 
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International hematocrit centrifuge (International Equipment 
Company) at 11,000 r.p.m. for 10 minutes at 2°. Approximately 
40 mg per ml of protein were equivalent to 35% packed cell vol- 
ume and 2.3 X 105 cells per mm.3 

Mitochondria were isolated from cell suspensions by the 
method of Cleland and Slater (17) in sucrose (0.32 m) Versene 
(ethylenediaminetetraacetate) (0.001 m) with the modification 
that the cells were broken in a Nossal Shaker instead of grind- 
ing with sand (4). 

Respiration was assayed polarographically by recording the 
oxygen consumption with an oxygen electrode (18). The light 
scattering changes and the oxidation-reduction level of cyto- 
chrome b were examined in the double-beam recording spectro- 
photometer (19). This instrument records the arithmetic differ- 
ence in light absorption between two wave lengths of light which 
are passed through a 1l-cm cuvette containing an ascites tumor 
cell or mitochondrial suspension. Thus the changes in the oxi- 
dation-reduction level of cytochrome 6 were followed at 430 minus 
410 muy, the latter setting being used as a reference wave length 
to compensate for the nonspecific light absorption changes in the 
dense cell suspension. The nonspecific light absorption changes 
at 410 my were recorded simultaneously with the specific light 
absorption change due to oxidation or reduction of cytochrome 
b at 430 to 410 mu. 

The nonspecific light absorption changes, or the turbidity of 
the cell suspension, were taken as a measure of light scattering 
(9, 10, 12, 14, 15, 20). These changes can be measured at wave 
lengths other than 410 my where there is no interference from a 
specific absorption band of a pigment in the cells; for example, 
520, 575, and 650 mu have also been used. However, the changes 
are greater at the shorter wave lengths because light scattering 
varies inversely with the wave length. With the use of a near 
infrared filter, direct measurements of 90° scattered light were 
carried out in controls; these experiments gave the same results 
as the 180° measurements at nonspecific wave lengths. In prac- 
tice, it was more convenient to employ the latter method since 
it made possible the simultaneous measurement of cytochrome 
changes. The spectrophotometric measurements of cytochrome 
b and light scattering were recorded under the same conditions 
as respiration. 

In the recordings of respiration and optical changes the follow- 
ing conventions are employed: (a) respiration: a downward de- 
flection of the oxygen trace indicates oxygen consumption, the 
calculated rates of oxygen consumption in uM per second are 
written above the trace, and a calibration for oxygen concentra- 
tion (uM) is given in the figure; (b) light absorption: the wave 
lengths, direction, and extent (given in optical density) of the 
light scattering and specific light absorption changes recorded 
are indicated in the particular figures. 

Substances were added to the reaction mixture (2.0 ml) during 
these experiments by placing 20 ul or less of a solution on the 
tip of a stirring rod. The small volume of solution was used to 
avoid a dilution artifact. The stirring rod was then introduced 
into the reaction mixture, thus permitting the rapid addition and 
mixing of reactants and causing only a momentary artifact in 
the recordings. 


RESULTS 


Structural and Metabolic Changes of Living Cells—The time 
course of the glucose-induced acceleration and inhibition of 
respiration, first demonstrated by Chance and Hess (3), is shown 
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7mM glucose 


— (650 mu) 
00063 
0.0013 


Ascites tumor cells plus krebs phosphate buffer 
<+—Decreasing optical density or O, concentration 


Fic. 1. Effect of glucose on respiration and light scattering in 
Ehrlich ascites tumor cells. Respiration was measured simultane- 
ously with the optical changes by inserting the vibrating platinum 
microelectrode into the cuvette in the spectrophotometer. 


in Fig. 1. At the beginning of the experiment, the slow rate of 
endogenous respiration was recorded. The addition of 7 mm 
glucose caused an approximate 2-fold acceleration of respiration 
which continued in a constant fashion for 2 minutes. After this, 
the respiration rapidly decreased by 13-fold and reached a rate 
7 times slower than the endogenous rate. The subsequent addi- 
tion of 100 um Dicumarol or dinitrophenol at this point in the 
experiment partially reverses the inhibition of respiration (cf. 
Table I). 

The middle trace in Fig. 1 records light scattering at 650 my, 
a wave length at which no pigments contribute to absorption 
changes (21).! Before the addition of glucose, a typical slow 
decrease in light scattering occurs. This finding was obtained 
when an aliquot of the concentrated cell suspension was added to 
the aerobic medium (cf. Fig. 3). On addition of glucose, in- 
creased light scattering took place. It is significant to note that 
this change persisted during the period of accelerated respiration, 
and is almost complete at about the same time that respiration 
becomes inhibited. 

The lower trace at 650 — 650 my was carried out as an instru- 
mental control. As is seen, no change was brought about in the 
level of this trace throughout the course of the experiment. 

If glucose had not been added in the experiment described in 
Fig. 1, then respiration would have continued at a constant rate 
until the dissolved oxygen of the reaction mixture was exhausted. 
When glucose is added to such anaerobic cells the time course 
and extent of light scattering increase are similar to those ob- 
tained in aerobic cells. Moreover, the glucose-induced light 


1 Respiratory carriers present in the strain of Ehrlich ascites 
tumor cells used in this investigation have been identified from 
absorption spectra taken of intact cells; these experiments were 
similar to those of Chance and Castor (21). Our results agree 
qualitatively and quantitatively with the earlier investigations. 
For example, the constant K,, which is an expression of the rate 
of respiration relative to the cytochrome content, was found to be 
123 for cytochrome c and endogenous respiration, whereas (K,4). 
calculated from Chance and Castor was 111. 
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TaBLe I 
Effect of various carbohydrates on respiration, light scattering, and 
cell volume in Ehrlich ascites tumor cells 
The procedure used for measurement of respiration and light 
scattering changes is the same as described in Fig. 1; a 1:10 dilu- 
tion of the cell suspension was used, carbohydrates were 10 mM, 
and dinitrophenol was 100 um. For the packed cell volume experi- 
ments, the undiluted cell suspension was used; each value repre- 
sents the average of triplicate determinations carried out after 15 
minutes of incubation at 25°. Explanation in text. 


Carbohy- 
drate- 
Respiration rate 
tilized tteri Packed 
Optical 
Endog- |Acceler-| Inhib- |Dinitro-| ?"*** tic 
um Or/sec um Or 
None....... 0.36 | 0.36 | 0.36 0 | 0.0000 | 59 | 100 
Glucose 0.36 | 2.58 | 0.01 66 0.0095 | 60 | 101 
Mannose 0.43 | 2.30 | 0.01 96 | 0.0218 | 59 | 100 
None....... 0.30 | 0.30 | 0.30 | 0.32 0 0.0000 | 53 | 100 
Glucose. ...| 0.23 | 0.57 | 0.01 | 0.51 18 0.0080 | 51 98 
Mannose...|.0.29 | 0.94 | 0.01 | 0.79 | 36 | 0.0203 | 53 | 100 
Fructose....| 0.29 | 0.29 | 0.29 0 | 0.0000 96 
Sorbose..... 0.27 | 0.27 | 0.27 0 | 0.0000 | 48; 93 
Sucrose..... 0.30 | 0.30 | 0.30 0 0.0059 | 42 81 
Glucose 
| 
= 
3 47 © 
(410m = 4 
= = “7 ° 
—- 
| 
” 
<q 


Fic. 2. Effect of glucose on the oxidation-reduction state of cy- 
tochrome 6b and light scattering in Ehrlich ascites tumor cells. 


scattering phenomenon is unaffected by employing aerobic cells 
in which endogenous respiration was 62% inhibited with 7 mm 
azide. Glucose addition caused a small further inhibition of the 
respiration of the azide-treated cells. 

The effect of glucose on light scattering changes is shown again 
in the upper trace of Fig. 2 at a different wave length, 410 mu. 
It is clear that the same results are obtained at 410 my as in the 
previous experiment where this parameter was measured at 650 
mu. The specific light absorption changes due to the oxidation- 
reduction state of cytochrome b shown in the lower trace was 
recorded simultaneously with the nonspecific changes. Before 
the addition of glucose, and during the period of slow endogenous 
respiration described in Fig. 1, a partially reduced steady state 
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of cytochrome 6 is observed. The addition of glucose causes a 
decreased light absorption in the 430 — 410 my trace correspond- 
ing to an oxidation of cytochrome b to a new steady state. This 
change of cytochrome b persists for about 45 seconds and cor- 
responds to the phase of accelerated respiration seen in Fig. 1. 
After this, an increasing absorption in the 430 — 410 my trace 
occurs, as cytochrome b is changed to an oxidation-reduction 
level which is more reduced than that recorded before the addi- 
tion of glucose. The greater reduction of cytochrome 6 is related 
to the greatly inhibited respiration characteristic of the cells at 
this time. These changes in oxidation-reduction level of cyto- 
chrome 6 are in accord with the experiments of Chance and Hess 
(3, 4). The time course of the recordings show that the forma- 
tion of the more reduced steady state of cytochrome 6 almost 
coincides, like respiration, with the termination of the light 
scattering changes. It should be pointed out that the magnitude 
of the optical changes for light scattering was about 6-fold larger 
than the specific absorption change due to cytochrome 6 oxida- 
tion-reduction. 

The dependence of the light scattering changes on the concen- 
tration of glucose was examined and the results are shown in 
Fig. 3. The experiment illustrated by the uppermost curve was 
carried out with 10 mm glucose, and the effect is comparable to 
the findings already discussed in Figs. 1 to 2. Concentrations 
of glucose greater than 10 mm gave the same results. The curve 
at the bottom of Fig. 3 was the control; here, no glucose was 
added, but 1 minute after the experiment was begun, the reaction 
mixture was stirred. The characteristic decreasing light scatter- 
ing seen when ascites cells are placed in the aerobic medium was 
obtained. It is to be noted that this decreasing light absorption 
of the control continues throughout the time of the experiment. 
The other curves further show that within the range of glucose 
concentrations tested, an initial increase in light scattering was 
always obtained. The magnitude of the initial increase varied 
quantitatively with the glucose concentration. With concentra- 
tions of glucose less than 500 uM, the initial increase in light 
scattering was followed by a secondary decreasing light scatter- 
ing. ‘The secondary decrease was approximately the same with 
10 uM and 50 uM glucose as in the control without glucose. How- 
ever, with 200 uM glucose, the rate of the secondary decrease was 
somewhat slower than the control, and with 500 um glucose, the 
effect was reversed. 

In the experiments illustrated in Fig. 3, the steady state oxida- 
tion-reduction level of cytochrome b was monitored simultane- 
ously with light scattering in the same manner as described in 
Fig. 2. The results showed that with all glucose concentrations 
employed, an oxidation and reduction of this component occurred 
after the addition of glucose. The extent and duration of this 
response to glucose addition was only about 30% decreased 
when the glucose concentration was lowered 1000-fold to 10 uM. 
Thus, it is clear that the cytochrome 6, and also presumably the 
respiration effects, respond to lower concentrations of glucose 
than the increases in light scattering (with half-maximal values 
of the order of less than 10 um and 60 uM, respectively). 

The specificity of the carbohydrate-induced effects on ascites 
tumor cells have been investigated and are summarized by the 
data given in Tables I to II. The following points in Table I 
should be emphasized: (a) mannose promotes qualitatively the 
same response in ascites cells as glucose, namely, an acceleration 
and inhibition of respiration and increased light scattering. 
Simultaneous measurement of respiration and light scattering 
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with mannose show that the kinetics of these responses are simi- 
lar to those already described for glucose; (b) the inhibited respi- 
ration induced by glucose and mannose are partially reversed by 
2,4-dinitrophenol (see below). The results on respiration are 
consistent with previous investigations of the specificity of carbo- 
hydrates (2, 3, 22, 23). The lack of effect of fructose on respira- 
tion in our short-term experiments is very likely due to its slow 
rate of penetration at 25° into ascites cells (24). Other data, 
not given in Table I, showed that galactose gave similar results 
as glucose. These findings have been omitted since commercial 
galactose preparations are known to be contaminated with glu- 
cose and other carbohydrates; (c) approximately 30% more oxy- 
gen was consumed during the mannose-induced accelerated phase 
of respiration than that with glucose in agreement with the 
greater coefficient for phosphorylation by hexokinase of mannose 
than glucose (25). Furthermore, the increases in light scattering 
accompanying the mannose addition were more than twice as 
large as those obtained with glucose. The light scattering effect 
at 410 my ranged from 2.0 to 3.7 times greater on mannose than 
glucose with an average of 2.8 times larger in 19 experiments. 
Two groups of six experiments each showed that the total oxygen 
consumed during the accelerated phase of respiration on mannose 
averaged 32% more than that obtained with glucose. The range 
of the accelerated respiration rates was from 1.5 to 5.5 times 
greater than the endogenous rates with the hexoses. 

Since compounds such as Dicoumarol and dinitrophenol which 
uncouple oxidative phosphorylation can partially reverse the in- 
hibition of respiration by carbohydrates (2-4), it was of interest 
to examine their effect on light scattering. In one series of ex- 
periments, the reversal of mannose-induced inhibited respiration 
by 50 um Dicoumarol was 68, 80, 50, and 73% (average 68%). 
The simultaneously measured reversal of the light scattering in- 
crease was 75, 69, 67, and 60% (average 68%), respectively. 

In an attempt to determine whether acid production or metab- 
olites formed during glycolysis were responsible for the metabolic 
effects and the light scattering changes, the action of iodoacetate 
on these processes was examined. Iodoacetate inhibits glyceral- 
dehyde 3-phosphate dehydrogenase action in ascites tumor cells 
(4, 5), thus preventing the formation of lactic and pyruvic acids 
and other glycolytic products. It was found that in the presence 
of 2 mM iodoacetate the mannose- or glucose-induced light scat- 
tering changes were not prevented. The typical oxidation and 
reduction of cytochrome b which accompanied the addition of 
these carbohydrates was also observed in the presence of iodo- 
acetate, and the extent and time course of the light scattering 
changes were somewhat augmented. The lack of effect of iodo- 
acetate on the glucose-induced cytochrome and _ respiration 
changes have also been observed by Chance and Hess (3, 4). 

It would thus appear that the formation of metabolites during 
glycolysis, beyond the stage of iodoacetate inhibition, is not 
responsible for the light scattering phenomenon. The reactions 
responsible for the light scattering change seem to involve the 
phosphorylation reactions which occur before the site of iodo- 
acetate inhibition. More definitive proof for this is given in 
Table II where the effects of 2-deoxyglucose are presented. This 
compound reacts with hexokinase in ascites cells, but the phos- 
phorylated product, 2-deoxyglucose 6-phosphate is not further 
metabolized (5, 25). Since 2-deoxyglucose can cause the Crab- 
tree effect (13) it provides proof for the participation of the hexo- 
kinase reaction in this phenomenon uncomplicated by the sub- 
sequent reactions of glycolysis. As expected, 2-deoxyglucose 
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Fic. 3. Effect of glucose concentration on light scattering in 
Ehrlich ascites tumor cells. 


TABLE II 


Correlation of respiration, light scattering, and volume changes 
of Ehrlich ascites tumor cells 


ated phase 
mM um Os OD at 410 mu of control 

10 22 0.047 
Mannose............... 10 39 0.103 
2-Deoxyglucose......... 10 63 0.132 
1 0.024 102 
45 0.022 87 
2-Deoxyglucose......... 20 111 
Mannose............... 20 98 
2-Deoxyglucose......... 20 103 
20 91 


caused an initial acceleration of respiration and the amount of 
O2 consumed during the accelerated phase of respiration even 
exceeded that of mannose. This is undoubtedly a result of the 
accumulation of the phosphorylated intermediate and ADP. 
The larger increases in light scattering correlate with the greater 
amount of O2 consumed during the accelerated phase. 

In an attempt to determine whether the carbohydrate-induced 
increased light scattering changes affected the osmotic properties 
of the cells (26), experiments on cell volume per se were carried 
out. The data in Table I show little or no decrease in volume 
when the different carbohydrates are added, except for sucrose 
which does not penetrate. It is significant to note that although 
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the addition of sucrose is accompanied by an increase in light 
scattering and a decrease in cell volume, the increase in light 
scattering induced by glucose and mannose is not accompanied 
by similar cell volume changes. 

The relative contribution of a change in cell size to the light 
scattering caused by glucose was calibrated with NaCl which 
has been shown to be a nonpenetrating electrolyte (26, 27). 
Light scattering induced by 1 mM glucose, which gives a maxi- 
mum effect (see Fig. 3), was determined (Table II). Under 
identical conditions, the cells were titrated with NaCl until a 
light scattering increase approximately equal to that caused by 
glucose was reached. The concentration of NaCl required for 
this was 45 times greater than that of glucose. Cell volume de- 
terminations showed no change in volume with 1 mM glucose, 
but a 13% decrease in volume with NaCl. The half-time for 
shrinking with NaCl was about 7 seconds as reported by Lucke 
and Parpart (26). Crane et al. (24) have shown the penetration 
of glucose into ascites tumor cells not to be rate limiting between 
10-37°, and that the equilibrium ratio of external and internal 
sugar does not exceed unity. Therefore, the light scattering 
increase caused by glucose is not apparently due to a change in 
cell size. This conclusion is further substantiated by the experi- 
inents with 2-deoxyglucose (Table II). This compound gave 
an increased light scattering but the cell volumes were always 
slightly increased. This is likely due to the accumulation of the 
phosphorylated intermediate in the cells. Thus, in this case, the 
light scattering change within the cells is sufficiently large to 
mask the decrease in light scattering which would accompany a 
small increase in cell volume. 

The possibility that the increase in light scattering after the 
addition of glucose to ascites cells might have resulted, from ag- 
gregation of the cells was investigated. This effect would not 
be evident from packed cell volume determinations. One con- 
trol was to carry out the light scattering experiments in the pres- 
ence of 250 units of heparin; the results were unchanged. As a 
further control, the cells were examined under the phase contrast 
microscope. No evidence of aggregation in the presence of glu- 
cose was noted. A plot of the cell size distribution taken from 
observations in the presence and absence of glucose showed the 
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Fic. 4. Effect of glucose, ATP, and hexokinase, on the oxida- 
tion-reduction state of cytochrome b and light scattering in iso- 
lated Ehrlich ascites tumor mitochondria. The reaction mixture 
(2 ml) contained sucrose (0.30 M) ethylenediaminetetraacetate (0.1 
mM), KCI (0.01 M), phosphate buffer (0.02 m at pH 7.5), and about 
1 mg of mitochondrial protein per ml. 
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same nearly homogenous size distribution curve with a mean cell 
diameter of 11.9 uw in both instances. 

Hempling (27) has recently observed that Ehrlich ascites tu- 
mor cells stored in isotonic media at 2° for 24 hours slowly lose 
potassium and accumulate sodium ions. If the temperature of 
such cells was raised to 22°, the process was reversed; further- 
more, potassium accumulation was accelerated by glucose addi- 
tion, but only if preceded by prolonged incubation of the cells 
at low temperature. It was also shown that storage of ascites 
cells at 22° was not accompanied by a net change in the flux of 
sodium and potassium transport. Although it appeared unlikely 
that the rapid carbohydrate-induced light scattering effects ob- 
served in the present investigation were caused by the slower 
ion transport phenomena described by Hempling (27), the follow- 
ing experiments were performed as controls: (a) cells were har- 
vested, washed, stored, and experimented with at 25° in isotonic 
media. Such cell suspensions gave results which are entirely 
comparable to those already discussed for cells washed and stored 
at the lower temperature; (6) cells suspended in media deficient 
in potassium ions (1 mM) also showed the typical response to 
glucose and 2-deoxyglucose; (c) cells were washed twice in media 
made hypotonic by eliminating NaCl from the buffer. The 
typical effects on mannose on respiration and light scattering 
were observed, but the changes were only 25% those found in 
isotonic cells. The later addition of NaCl restored almost com- 
pletely the metabolic changes. Although these hypotonic cells 
swelled to twice their initial volume, no significant effect on cell 
volume occurred on adding either 10 mM concentrations of glu- 
cose, galactose, mannose, or fructose. Sucrose, however, as ex- 
pected, caused a greater percentage (of control) decrease in cell 
volume than in isotonic cells. The addition of cardiac glycosides 
such as strophanthin and ouabain which are potent inhibitors of 
active transport in ascites cells (28) also did not prevent the 
carbohydrate-induced light scattering increases. This series of 
control experiments overwhelmingly suggested that the carbo- 
hydrate-induced light scattering changes result from intracellular 
structural changes and were probably of mitochondrial origin. 

Structural and Metabolic Changes of Isolated Mitochondria— 
Therefore, the light scattering changes concurrent with oxidative 
phosphorylation in isolated ascites tumor mitochondria were 
examined. These mitochondria exhibit normal respiration and 
“tightly coupled’’ oxidative phosphorylation with high phos- 
phorylation efficiency (4). Fig. 4 shows a typical experiment 
where addition of substrate causes swelling and reduction of 
cytochrome b to a steady state. ATP has no effect, but when 
glucose and hexokinase are added, a shrinkage and an oxidation 
of cytochrome b occurs (accompanying the accelerated respira- 
tion characteristic of mitochondria under these conditions (8)). 
These results were the same when ADP was added directly in- 
stead of generating it through the hexokinase reaction (9, 10). 
As with the intact cell experiments, the light scattering changes 
are larger in magnitude than the steady state changes of cyto- 
chrome b. 

Comparison of Structural and Metabolic Changes in vitro and 
in vivo—It was of considerable interest to correlate the magni- 
tude of the light scattering increase of the cells by glucose with 
that caused by glucose, hexokinase, and ATP in the isolated 
mitochondria under conditions when respiration was occurring 
in both systems. Assuming that all the cytochrome b of ascites 
cells is located in their mitochondria, it was possible to adjust 
conditions so that an amount of mitochondria equal to that in a 
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cell suspension was present in a cuvette by simply measuring the 
total amount of cytochrome b in both systems. In these exper- 
iments isolated mitochondria and cells were from the same origin. 
The ratio of the light scattering increase to total cytochrome b 
was 2.4 for glucose-treated cells, and 2.7 for mitochondria treated 
with glucose, ATP, and hexokinase. This evidence supports the 
view that light scattering changes in intact cells are the result 
of size changes of the mitochondria within the cells. 


DISCUSSION 


Light scattering increases which accompany the addition of 
carbohydrates must be taken into consideration in formulating 
a hypothesis for the mechanism of the control of metabolism in 
ascites tumor cells. Evidence for this is the close correlation of 
light scattering increase with the time course of the respiration 
and cytochromes changes, and the amount of oxygen consumed 
during the accelerated phase of respiration with the different 
carbohydrates examined. 

The data indicate that the hexokinase reaction is involved in 
the light scattering phenomenon as it has been implicated in the 
metabolic effects (2-5). Favoring this viewpoint are the follow- 
ing observations of factors influencing the carbohydrate-induced 
light scattering increases. (a) 2-Deoxyglucose, an analogue of 
glucose, reacts with hexokinase to yield 2-deoxyglucose 6-phos- 
phate which is not further metabolized in ascites tumor cells 
(5, 25). This compound gives the acceleration and inhibition of 
respiration and the light scattering phenomenon. (6) The car- 
bohydrates which give these effects on respiration and light 
scattering do so in relation to their coefficient of phosphorylation 
for hexokinase (Table I, 25). The product of hexokinase action 
common to all the carbohydrates examined, which could be re- 
sponsible for the light scattering changes, is ADP. Hexose 
phosphates should not be involved because 2-deoxyglucose 6- 
phosphate is not metabolized and iodoacetate does not prevent 
glucose-induced light scattering increases, either aerobically or 
anaerobically. 

The packed cell volume experiments and calibration of the 
light scattering changes with NaCl showed that little or no change 
in cell volume occurs due to the addition of the afore-mentioned 
carbohydrates. The light scattering increases are therefore pre- 
dominantly the result of an intracellular structural change. 
This structural change is attributed to a shrinking of the mito- 
chondria within the tumor cells for the following reasons: (a) the 
similar time course of the light scattering changes with changes 
of mitochondrial oxidation processes. The latter processes are 
activated by the ADP produced during hexose phosphorylation, 
resulting in elevated intramitochondrial ATP due to oxidative 
phosphorylation (see “Introduction” and 4, 5). (6) Isolated, 
respiring mitochondria from a wide variety of animal tissues 
(9, 10, 12, 14, 15) including ascites tumor cells (Fig. 4) shrink 
on addition of ADP; this phenomenon is also accompanied by an 
increased light scattering. When the intramitochondrial ATP 
level is raised sufficiently mitochondria are maintained in the 
shrunken state (18) possibly by maintaining high concentrations 
of energy-rich intermediates of oxidative phosphorylation (9, 10). 
(c) The light scattering increases caused by glucose addition to 
cells or on adding glucose, ATP, and hexokinase (1.e. ADP) to an 
equivalent amount of isolated ascites mitochondria were approx- 
imately the same. 

Two recent theories (Racker (2) and Chance and Hess (3, 4)) 
proposed to explain the glucose-induced metabolic phenomena, 
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consider that the impairment of the intra- and extramitochon- 
drial respiration is the result of limiting concentrations of adenine 
nucleotides necessary for the continued function of these proc- 
esses. In accord with previous hypotheses (2, 3, 7) it is spe- 
cifically suggested here that the glucose-induced inhibition of 
both respiration and glycolysis is a consequence of inability of 
ATP to escape from mitochondria. Assuming that the increases 
in light scattering after the addition of carbohydrates reported 
here are the result of a decrease in mitochondrial volume, our 
results support these theories, since it is well known that a de- 
crease in mitochondrial volume prevents the escape of intra- 
mitochondrial nucleotides (11-15). 

Mitochondrial shrinking may be considered to result from the 
following sequential reactions: 


ATPem ADPem ADP im 
(1) 
ATPim —— ATPem 


where EM and IM refer to extramitochondrial and intramito- 
chondrial, respectively. Inhibition of Reaction 4 of Sequence 1 
has been postulated by Chance and Hess (3, 4) and Racker (2) 
as an explanation for the decline of respiration and glycolysis. 
The proposed structural changes in mitochondria accompanying 
the nucleotide changes of Sequence 1 are: 


Swollen permeable mitochondria ts 


low ADP 
low ATP 


shrinking mitochondria (2) 


high ADP 
increasing ATP 


shrunken impermeable mitochondria 


low ADP 
high ATP 


The inhibition of ATP diffusion from the mitochondrial to the 
cytoplasmic system (Step 4, Sequence 1) might arise in tumor 
cells because of their rapid glycolytic activity. In the first min- 
ute after addition of glucose to the cells, ADP is produced by the 
cytoplasmic system more rapidly than it can be consumed by 
mitochondrial enzymes. This should lead to a high level of 
mitochondrial shrinkage (Step 2, Sequence 2) judging by experi- 
ments in isolated mitochondria (10) which show that maximal 
shrinkage with ADP is obtained when its concentration is above 
that necessary for saturation of the respiratory chain. If in the 
intact cell the rate of escape of mitochondrial ATP, synthesized 
by oxidative phosphorylation, is correlated with the extent of 
mitochondrial shrinkage, then this may provide an explanation 
for the occurrence of the temporary large inhibition of respiration 
and glycolysis in the tumor cell. 

The inhibition of respiration and glycolysis can be partially 
reversed by adding an uncoupling agent, such as Dicumarol, or 
by long term incubation of the cells (cf. 5). This effect is ac- 
companied by a mitochondrial swelling (reversal of Sequence 2) 
which should lead to a partial removal of the block in ATP dif- 
fusion from the mitochondrial to the cytoplasmic system. Un- 
coupling agents may act by augmenting ATPase activity which 
would lead to an increase in the concentration of phosphate in 
mitochondria, and this condition may favor phosphate-induced 
mitochondrial swelling (10, 29). 
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SUMMARY 


1. The actions of glucose, mannose, and 2-deoxyglucose on 
respiration, oxidation-reduction state of cytochrome 8, and light 
scattering have been simultaneously examined in mouse Ehrlich 
ascites tumor cells. 

Coincident with the stimulation of respiration on addition of 
these carbohydrates was an increased light scattering. The 
initiation and cessation of this change closely coincided with the 
acceleration and inhibition of respiration. Glucose, mannose, 
and 2-deoxyglucose caused an amount of oxygen to be consumed 
during the accelerated phase of respiration which correlated with 
the increases in light scattering, and with the extent of ADP 
production during hexokinase action. 

2. The carbohydrate-induced light scattering changes were not 
accompanied by a change in cell size as judged by cell volume 
determinations. It was concluded that the carbohydrate-in- 
duced light scattering change was the result of an intracellular 
structural change, involving a mitochondrial] shrinking caused 
by adenosine diphosphate (ADP) and adenosine triphosphate 
(ATP). Isolated ascites tumor mitochondria were shown to 
swell in the presence of oxidizable substrates and shrink on addi- 
tion of ADP in agreement with results obtained with other mito- 
chondrial systems. Thus, it appears that under appropriate 
conditions the light scattering technique can be employed to 
measure changes in mitochondrial structure within living cells. 

3. The findings were discussed in their relation to current 
theories on the control of metabolism in ascites tumor cells which 
consider that intramitochondrial ATP becomes unavailable for 
extramitochondrial glucose phosphorylation. It was hypothe- 
sized that the increased light scattering, after the addition of 
carbohydrates to ascites cells, was the result of mitochondrial 
shrinking induced by ADP and ATP, and that sufficient ATP 
commensurate with hexose phosphorylation probably could not 
escape from mitochondria which are in the shrunken state. 
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Previous studies from this laboratory (1-3) have provided sup- 
port for the concept that the mammalian organism synthesizes 
the ribose of urinary imidazoleacetic acid riboside and of ab- 
dominal visceral nucleic acids by way of the reactions of the 
pentose phosphate pathway (4), and that in the rat the nonoxi- 
dative reactions of this scheme predominate (2). 

Recent work by several investigators suggests an interdepend- 
ence of some mammalian tissues for nucleic acid precursors. 
Thus, Williams and LePage (5) found large quantities of host 
purines in transplanted mouse tumor. Lajtha and Vane (6) 
have concluded from studies in vivo that rabbit bone marrow 
derives the major portion of its purine supply from the liver. 
The studies in vitro of Thomson et al. (7) are consistent with this 
hypothesis. No information is available concerning either the 
form in which the nucleic acid precursors may exist or the mech- 
anism by which they may be transferred. The possibility that 
a ribose-containing compound might be transported from one 
tissue to another prompted us to undertake the studies to be re- 
ported. Of particular interest was the source of pentose in 
skeletal muscle, a tissue known to contain very small amounts 
of the glucose 6-phosphate and 6-phosphogluconic dehydrogen- 
ases (8). The work to be described has led us to conclude that 
each of several mammalian tissues examined, including skeletal 
muscle, is capable of synthesizing ribose. Data will also be pre- 
sented in support of an earlier impression (3) that in contrast to 
the situation in the rat, more ribose is produced in human tissue 
by way of the oxidative than of the nonoxidative reactions of the 
pentose phosphate pathway. 


EXPERIMENTAL 
Methods 


Studies in Vivo—Preliminary investigations suggested that 
after glucose-C' administration more isotope appeared in the 
acid-soluble nucleotides of skeletal muscle of exercising than of 
resting animals. Therefore, in Experiments 59-6 and 59-7 the 
rats were forced to swim in a tank of water for 30 minutes before, 
and throughout, the period of isotope incorporation. In Experi- 
ment 59-6 a 250-g¢ male Wistar rat was fasted for 40 hours and 
then given an intraperitoneal injection of 43 ue of glucose-2-C™ 


* This investigation was supported by grants from the National 
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(12 uwmoles) in 0.6 ml of distilled water. In Experiment 59-7 a 
170-g male Wistar rat was fasted 18 hours and then given an 
intraperitoneal injection of 113 ue of glucose-2-C"™ (32.2 umoles) 
in 1.6 ml of water. In both experiments the animals were killed 
by decapitation 3 hours later. Blood was collected by gravity 
through the neck wound, and to it an equal volume of cold 10% 
trichloroacetic acid was added. The livers were disrupted in 5 
volumes of cold 10% trichloroacetic acid in a Waring Blendor, 
and the kidneys and spleen were minced with a scissors and ho- 
mogenized in 5 volumes of cold 10% trichloroacetic acid in a 
Potter-Elvehjem apparatus. The small intestine was washed 
free of debris with several hundred milliliters of cold 0.9% NaCl 
solution, and the mucosa was freed of muscularis and homogen- 
ized in cold 10% trichloroacetic acid. Skeletal muscle was 
stripped with a knife from the extremities, the shoulder girdles, 


‘and the lower back, cut into small pieces, and homogenized in a 


Waring Blendor with 5 volumes of cold 10% trichloroacetic acid. 
After centrifugation the residues of all tissues were re-extracted 
with cold 5% trichloroacetic acid. The supernatant solutions of 
each tissue were combined and in the case of the liver and muscle, 
20 mg of carrier glycogen and an equal volume of absolute ethanol 
were added. These fractions were kept at 0° overnight and 
centrifuged to remove glycogen. The supernatant solutions and 
the cold trichloroacetic acid extracts of the other tissues were 
brought to pH 8.2 with 5 n KOH; 2 to 10 ml of 25% barium ace- 
tate and sufficient ethanol to make a final concentration of 80% 
were added. The solutions were kept at 0° for several hours 
and the barium nucleotides were removed by centrifugation. 
The precipitates were washed with absolute ethanol and dried 
at 37°. The nucleotides were suspended in a small volume of 
water, and the barium removed by the addition of Dowex 53O 
(200 to 400 mesh, H* form). The resin was removed by cen- 
trifugation, and the mononucleotides were dephosphorylated 
with semen phosphatase (9). The nucleosides were hydrolyzed 
in 0.5 N HeSO, at 100° for 1 hour. The ribose-containing solu- 
tions were deionized by passage through a mixed-bed resin 
(MB-3, Fisher Scientific Company) and taken to dryness in a 
vacuum at 30°. The residues were taken up in methanol, and 
further purified by descending chromatography on Whatman No. 
1 paper in butanol-acetic acid-water (4:1:5). The ribose-con- 
taining strips were located by staining their edges with aniline 
phthalate (10), and eluted with water. 

Ribonucleic acid was isolated by a modification of the method 
of Schmidt and Thannhauser (11) and the nucleotides were hy- 
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drolyzed in 0.5 N H2SO, at 100° for 2 hours. The free ribose was 
purified by the column and paper chromatographic steps de- 
scribed. 

In Experiment 59-12 a 20-g male white Swiss mouse was given 
an intraperitoneal injection of 0.1 ml of the Ehrlich ascites tumor. 
Ten days later the animal was killed by decapitation, 3 hours 
after the intraperitoneal administration of 0.2 ml of distilled 
water containing 10.6 we (3.2 wmoles) of glucose-2-C%. Non- 
bloody ascitic fluid, 25 ml, was removed by syringe and centri- 
fuged. The tumor cells (approximately 7 ml) were homogenized 
first in an equal volume of cold 10% trichloroacetic acid, and then 
in cold 5% trichloroacetic acid in a glass homogenizer (Kontes 
Glass Company); the acid-soluble nucleotide pentose was isolated 
in the following manner. The trichloroacetic acid fractions were 
brought to pH 4.0 and treated with 100 mg of acid-washed Norit. 
The Norit was washed with water three times, and the nucleo- 
tides were eluted with two 5-ml portions of 50% ethanol contain- 
ing 1% NH,OH. The charcoal was removed by centrifugation 
and filtration, and the ammoniacal ethanol was removed at 60° 
under a fine stream of air. The nucleotides were dephosphory]- 
ated with a mixture of potato apyrase (12) and semen phospha- 
tase in maleate buffer at pH 6.5. The nucleosides were adsorbed 
on Dowex 50 (2% cross-linked; 200 to 400 mesh, H+ form) and 
the resin was washed with water until the wash was free of radio- 
activity. Elution of the nucleosides was effected with 4 n NH,- 
OH. The nucleoside-containing fractions were identified by 
their radioactivity and their absorption at 260 my, and then 
taken to dryness in a vacuum at 40°. The nucleosides were 
hydrolyzed with the partially purified preparation of the Lacto- 
bacillus delbrueckia nucleoside hydrolase used by Tabor and 
Hayaishi (13), and first described by Kalckar (14). The pentose 
was further purified by the column and paper chromatographic 
steps described above. 

Studtes in Vitro—Ehrlich ascites tumor cells were harvested 
from white Swiss mice which had been inoculated with tumor 1 
week previously. Cells, 2 ml, were washed with cold Krebs’ 


TABLE 


Isotope incorporation into nucleotide ribose of several tissues of 
animals given glucose-2-C'4 


Experiment Tissue | 
59-6 (43 we of glucose-2- | Liver Acid-soluble 
C'* injected into 250-g RNA 
rat) Spleen Acid-soluble 
RNA 
Blood Acid-soluble 


Acid-soluble 
RNA 
Acid-soluble 


Skeletal muscle 


Cardiac muscle 


59-7 (112 we injected into | Spleen Acid-soluble 
170-g rat) Intestine Acid-soluble 
Kidney Acid-soluble 


c.p.m 
pmole 
ribose 
1050 
29 
1590 
151 
+00 
26 

5 

40 
5000 
5000 
1540 
90 


Skeletal muscle | Acid-soluble 


Ehrlich ascites | Acid-soluble | 6200 


tumor 


59-12 (10.6 we injected 
into 40-g mouse) 
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bicarbonate buffer until free of red blood cells and suspended in 
an equal volume of buffer. Tissues used for the other studies 
in vitro were obtained from nonfasted adult male Wistar rats. 
One gram of diaphragm was obtained from two animals. Ap- 
proximately 500 mg of liver and spleen slices were prepared with 
the Stadie-Riggs device (15). Rat blood was collected in a 
heparinized tube from the jugular vein. Human blood was col- 
lected in a tube containing heparin from an antecubital vein of 
a 34-year-old healthy adult male. Plasma was removed by cen- 
trifugation and 2 ml of cells were washed in cold buffer and then 
suspended in buffer. No attempt was made to separate the blood 
cellular elements. 

The incubations in vitro were carried out in 15-ml Warburg 
vessels containing 2.5 ml of Krebs’ bicarbonate buffer (16), 10 
umoles of fructose, and either 5 or 10 we (1.4 or 2.8 umoles) of 
glucose-2-C'*, in an atmosphere of 95% O2-5% at 37°. Af.- 
ter 3 hours of incubation the vessel contents were removed and 
homogenized with cold 10% trichloroacetic acid in the Kontes 
glass apparatus. After centrifugation, the residues were ex- 
tracted with cold 5% trichloroacetic acid. The acid-soluble 
fractions were combined, 5 uwmoles of nonisotopic adenosine tri- 
phosphate were added as carrier, and ribose was isolated by the 
procedures used in Experiment 59-12. 

Degradation Procedures—To a portion of each sample of radio- 
active ribose 300 umoles of nonisotopic ribose was added, and 
the pentose was degraded to its constituent carbon atoms by 
fermentation with Lactobacillus pentosus followed by procedures 
summarized elsewhere (17). Muscle glycogen glucose was iso- 
lated and degraded to its constituent carbon atoms by procedures 
previously summarized (18). 

Analytic Procedures—Organic phosphate was subjected to a 
micro-adaptation! of a magnesium nitrate combustion procedure 
(19), and inorganic phosphate was determined by the method of 
Chen et al. (20). Ribose was measured by the orcinol procedure 
(21). Radioactivity measurements were made with a gas flow 
counter with a 40% counting efficiency. 


Materials 
Glucose-2-C' was purchased from Nuclear-Chicago Company 
and was degraded by fermentation with Leuconostoc mesenteroides 
according to procedures described elsewhere (18), in order to be 
certain that its radioactivity was present exclusively in carbon 
atom 2. Adenosine triphosphate was obtained from Sigma 
Chemical Company. 


RESULTS 


Isotope Incorporation in Vivo (Table 1)—Ribose from the acid- 
soluble nucleotides of spleen and intestine was more radioactive 
than that of any other rat tissue examined. The much smaller 
isotope incorporation into the blood acid-soluble nucleotides ex- 
cluded the possibility that the radioactivity in spleen was attrib- 
utable to its rich erythrocyte content. The C™ content of muscle 
nucleotides was far lower than that of any other tissue examined. 
In every tissue in which both the acid-soluble and the RNA frac- 
tions were examined, several times more radioactivity was found 
in the ribose of the acid-soluble nucleotides. The C" level in 
the Ehrlich ascites tumor acid-soluble nucleotides was 6200 
¢.p.m. per umole. Since the tumor-bearing mouse in Experiment 


1 Dr. R. Kielley, unpublished method. 
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59-12 received 0.27 we of glucose-2-C™ per g of body weight as 
compared with 0.66 uc per g of rat in Experiment 59-7, one may 
conclude that a much larger fraction of the ribose of the tumor 
nucleotides was derived from the glucose-2-C™ than that of any 
normal rat tissue. It must be noted, however, that these experi- 
ments may not be strictly comparable, in that the mouse was 
not exercised. 

Isotope Distribution in Acid-soluble Nucleotide Ribose of Differ- 
ent Tissues (Table II)—Ribose synthesized in vivo from glu- 
cose-2-C™ was labeled most heavily in carbon atoms 1, 2, and 4. 
In all but one of the rat and mouse tissues examined, C-2 con- 
tained more isotope than any other atom of the molecule; the 
exception was skeletal muscle, in which C-1 was most radioactive. 
The ratio of isotope in C-1 to that in C-2 was lower in liver than 
in any other tissue. 

Comparison of Isotope Distribution in Acid-soluble and RNA 
Nucleotide Ribose—The isotope pattern in the two pentose moie- 
ties was identical in liver (Experiment 59-6), and similar in spleen 
(Experiment 59-6); in muscle (Experiment 59-7) the C-1 to C-2 
isotope ratio was higher in the acid-soluble than in the RNA 
pentose (Table II). 

Isotope Distribution in Muscle Glycogen Glucose—Muscle gly- 
cogen glucose obtained in Experiment 59-7 was found to have the 
following isotope distribution (carbon atom 2 is arbitrarily as- 
signed a value of 100): C-1, 5; C-2, 100; C-3, 2; C-4, 2; C-5, 8; 
C-6, 7. For comparison we also degraded muscle glycogen glu- 
cose from a rat given glucose-2-C™ but not exercised. The pat- 
tern of radioactivity was virtually identical: C-1, 5; C-2, 100; 
C-3, 3; C-4, 3; C-5, 7; C-6, 4. 

Studies in Vitro (Table III)—Radioactivity was found in the 
acid-soluble nucleotide ribose of all tissues incubated with glu- 
cose-2-C"4 for 3 hours. (No isotope was detectable in nucleotide 
ribose isolated in identical fashion from tissue incubated with 
glucose-2-C™ after the addition of trichloroacetic acid.) Isotope 
distribution in the ribose labeled in vitro differed somewhat from 
that observed in vivo. In liver the C-1 to C-2 isotope ratio was 
increased in vitro as compared with the pattern in vivo, and in 
Ehrlich ascites tumor cells it was decreased. In rat diaphragm 
pentose the ratio in vitro of C-1 to C-2 was much smaller than 
that observed in rat skeletal muscle in vivo. 

Comparison of Isotope Distribution in Human and Rat Ribose 
(Table IV) —The C-1 to C-2 ratio in human blood cell acid-soluble 
nucleotide ribose exceeded 1, in contrast to the finding in rat 
blood cells. In addition, there was much less migration of iso- 


tope into carbon 4 of the human pentose than was observed in - 


the rat material. For comparison, data from previous papers 
(2, 3) have been included in Table IV to demonstrate that the 
isotope pattern of ribose synthesized in vivo by man and by the 
rat is strikingly similar to that observed in the studies in vitro. 


DISCUSSION 


The much higher specific activity of the acid-soluble nucleotide 
pentose as compared with that isolated from RNA may be as- 
cribed to the fact that only 3 hours had elapsed between the time 
of glucose-C'* administration and the termination of the experi- 
ments. Schmitz et al. (22) have shown that the two pentose 
fractions do not approach each other in specific activity until 8 
hours after glucose-C injection. The very low isotope content 
in skeletal muscle nucleotides is consistent with the observations 
of other workers. In experiments in which adenine-C"™ was fed 
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TABLE II 


Isotope distribution in nucleotide ribose of tissues from animals 
given glucose-2-C'4 


Relative activity in ribose 
carbon atoms* 
Experiment | Tissue 
C-2 c-3 |c-4 
59-6 (rat) | Liver Acid-soluble | 26 | 100 (8900)) 14) 53/38 
RNA 28 | 100 (820) | 14! 47/35 
Spleen Acid-soluble | 63 | 100 (2000)) 9) 5212 
RNA 76 | 100 (680) 
Blood Acid-soluble | 33 | 100 (500) | 16) 5016 
Skeletal Acid-soluble |165 | 100 (217) | 27) 52/35 
muscle 
59-7 (rat) | Skeletal Acid-soluble |278 | 100 (840) | 17} 89/22 
muscle RNA 142 | 100 (570) 26 62)18 
Spleen Acid-soluble | 92 | 100 (1280)| 10) 36/11 
Kidney Acid-soluble | 44 | 100 (420) | 24) 6032 
Intestine Acid-soluble | 58 | 100 (1570)| 13) 4516 
59-12 Ehrlich Acid-soluble | 52 | 100 (1480)| 12) 37:12 
(mouse) ascites 
tumor 


* The specific activity of carbon atom 2, which is assigned an 
arbitrary value of 100, is indicated by the figure in parentheses 
(c.p.m. per mmole of carbon). 


TABLE III 


Isotope distribution in acid-soluble nucleotide ribose of tissues 
incubated in vitro with glucose-2-C'4 


Relative activity in ribose carbon atoms* 
Tissue 

C-1 C-2 C-3 C-4 C-5 
Rat liver....... et sae 78 100 (470) 14 32 14 
Rat spleen.............. 66 | 100 (1600) | 10 20 2 
Rat blood cells......... 53 | 100 (2000) 6 45 3 
Rat diaphragm......... 87 | 100 (920) 11 89 9 

Mouse Ehrlich ascites 
24 | 100 (6500) 5 53 3 


* The specific activity of carbon atom 2, which is assigned an. 
arbitrary value of 100, is indicated by the figure in parentheses 
(c.p.m. per mmole of carbon). 


to rats for several days Brown et al. (23) found evidence of very 
little turnover of muscle adenine nucleotides. The much higher 
isotope incorporation into the acid-soluble nucleotides of tumor 
as compared with normal tissues has also been noted by others 
(22). 

The ratio of isotope in carbon 1 to that in carbon 2 of liver acid- 
soluble nucleotide ribose is similar to that reported for the 
pentose of mouse liver pyridine nucleotide by Shuster and Goldin 
(24) and for rat nucleic acid ribose by Marks and Feigelson (25). 
Assuming equal labeling of the pools of pentose precursors and 
that incorporation of C™ occurred only by net synthesis, and 
using the figures employed by Bagatell et al. (26), one can calcu- 
late from our data that approximately five times as much pentose 
is synthesized in liver by way of the transketolase-transaldolase 
reactions as by the oxidative steps of the pentose phosphate 
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TaBLe IV 
Comparison of isotope distribution in human and rat ribose 
Relative activity in ribose carbon atoms* 
Ribose source 
C-1 C-2 C-3 | C-4 | C-5 
In vitro 
Human blood cell acid- 
soluble nucleotide....... 124 | 100 (900) 7 9 0 
Rat blood cell acid-soluble 53 | 100 (2000) 6 | 45 3 
nucleotide .............. 
In vivo 
Human urinary imidazole- 
acetic acid riboside (3)..; 128 | 100 8 | 15 5 
Rat urinary imidazoleace- 
tic acid riboside (2) ....| 60 | 100 16 | 37 | 21 


* The specific activity of carbon atom 2, which is assigned an 
arbitrary value of 100, is indicated by the figure in parentheses 
(c.p.m. per mmole of carbon). 


pathway. Although it is obviously unwise to stress such quan- 
titative considerations, it seems likely that the ribose moieties 
of the acid-soluble nucleotides, the pyridine nucleotides, and 
ribonucleic acid of liver are all synthesized in the same fashion. 
In all other tissues examined the C-1 to C-2 isotope ratio was 
higher than that observed in liver by us and by others (24, 25). 
In a large number of previously reported experiments in which 
rats were given imidazoleacetic acid (ImAA) and glucose-2-C"™, 
the C-1 to C-2 ratio in urinary ribose approximated 0.6 (2). Al- 
though we have earlier reported studies suggesting that _ ImAA 
riboside is synthesized in liver (2), the present data may indicate 
that other organs also play a role in this process. 

Of particular interest is the isotope pattern in skeletal muscle 
ribose. Because of the very low levels of the glucose 6-phosphate 
and 6-phosphogluconic dehydrogenases in muscle (8), we antici- 
pated that if muscle pentose were synthesized from glucose-2- 
C*4 locally, we would find little isotope in C-1. Hence, it was 
surprising to observe even more radioactivity in C-1 than in C-2. 
The levels of glucose 6-phosphate and 6-phosphogluconic dehy- 
drogenases reported in skeletal muscle (27) (levels confirmed by 
us both in resting and exercising skeletal muscle?) are adequate 
to account for the synthesis of more than 5 wmoles of ribose per 
hour per gram of tissue. Since our isotope incorporation data 
indicate a very low rate of pentose synthesis in muscle, the quan- 
tity of enzymes present, although low when compared with that 
in other tissues, must be considered adequate in light of local 
needs. The observation that the contribution of the nonoxida- 
tive reactions to pentose biosynthesis in muscle is apparently 
smaller than that of the oxidative steps, suggests levels of trans- 
ketolase and/or transaldolase even lower than those of glucose 
6-phosphate and 6-phosphogluconic dehydrogenases. Although 
muscle is known to be a rich source of pentose phosphate isom- 
erase and epimerase (28), conflicting evidence exists concerning 
the levels of other enzymes involved in pentose phosphate 
metabolism. Sable (29) and Dickens and Williamson (28) 
found no evidence of hexose monophosphate formation from 
ribose 5-phosphate in rabbit skeletal muscle. Glock and McLean 
(27), on the other hand, have reported that in rat skeletal muscle 
this reaction does occur. From our data it seems likely that in 


? Hiatt, H. H., unpublished observations. 
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exercising rat skeletal muscle the nonoxidative reactions of the 
pentose phosphate pathway play a smaller role than the oxidative 
steps in pentose biosynthesis. The striking difference in isotope 
distribution in the ribose of muscle as compared with that found 
in other tissues is considered strong evidence against appreciable 
transfer of a ribose-containing nucleic acid precursor, at least as 
a universal phenomenon. 

Considerable isotope migration into carbon atoms 4 and, to a 
lesser extent, 3 and 5 in muscle nucleotide pentose was noted. 
This is consistent with participation of labeled (particularly in 
carbon atom 2) triose phosphate in the transketolase-transaldo- 
lase reactions. In sharp contrast, glycogen glucose from both 
exercising and resting muscle was labeled predominantly in car- 
bon atom 2, with little isotope in other positions of the molecule. 
These findings are in accord with previous observations that 
muscle glycogen is derived largely from blood glucose and only 
to a limited extent from blood pyruvate and lactate (30). 

The studies in vitro provide additional support for the concept 
that each of the tissues examined is capable of ribose biosynthesis. 
Certain differences are apparent in isotope distribution in the 
ribose synthesized in vitro and in vivo, but since the number of 
experiments was limited, one cannot interpret the significance of 
such differences. Although the C-1 to C-2 isotope ratio in ribose 
from the acid-soluble nucleotides of diaphragm was higher than 
that in any other tissue studied in vitro, it did not approach that 
observed in skeletal muscle in vivo. However, this difference 
may be at least in part attributable to a difference in the tissues 
studied—diaphragm, on the one hand, and skeletal muscle from 
the extremities and back, on the other. 

In contrast to the situation in most rat tissues, ribose synthe- 
sized in human tissue both in vivo and in vitro seems to be derived 
primarily by way of the oxidative reactions of the pentose phos- 
phate pathway. Although there is evidence that the level of 
glucose 6-phosphate dehydrogenase is higher in rat erythrocytes 
and lower in rat liver (31) than in the corresponding human tis- 
sues, these data do not bear directly on our observations. It 
would be more pertinent to know which enzymes of the oxidative 
and the nonoxidative sequences are limiting in pentose production 
in human and in rat tissues. From our studies we should predict 
that the ratios of the limiting enzymes of the two routes of ribose 
synthesis would bear an inverse relationship to each other, when 
compared in a human and the corresponding rat tissue. 


SUMMARY 


Ribose has been isolated from acid-soluble nucleotides and 
ribonucleic acid of several tissues of animals given glucose-2-C™, 
and from rat, mouse, and human tissues incubated in vitro with 
glucose-2.C%. The results of these studies indicate that each 
tissue can synthesize its own ribose. In muscle alone of the rat 


and mouse tissues studied, the oxidative reactions of the pentose — 


phosphate pathway appear to play a larger role than the non- 
oxidative in pentose biosynthesis. Evidence has been presented 
which suggests that the oxidative reactions also predominate in 
ribose biosynthesis in man in vivo and in human blood cells in 
vitro. 
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As part of a systematic study of hormonal effects upon adipose 
tissue metabolism in vitro, it was recently reported that the addi- 
tion of epinephrine to the incubation medium resulted in 2-fold 
increase in the rate of glucose uptake (1), an unexpected finding 
in view of the well documented inhibition by epinephrine of glu- 
cose uptake in muscle (2, 3). The uptakes (as measured by the 
chemical disappearance of glucose from the medium) by control 
tissues and tissues incubated in the presence of epinephrine (10-4 
M) were, respectively, 0.47 + 0.07 and 1.05 + 0.09 uwmoles/100 
mg wet weight adipose tissue/3 hours. This report is concerned 
with the effect of epinephrine on the metabolism of C-labeled 
glucose in this same system. 


EXPERIMENTAL 


Materials and Methods 


Adipose tissue fragments were excised from the epididymal fat 
pads of normal fed rats (Wistar strain obtained from Albino 
Farms or from Harvard Biological Laboratories) and incubated 
in 5 ml of Krebs-Ringer bicarbonate medium containing approx- 
imately 0.5 mm human serum albumin (Fraction V, obtained 
from the Protein Foundation through the courtesy of Dr. R. J. 
Pennell) and 5 mm glucose labeled with C™, either randomly or 
in carbons 1, 2, or 6. The preparation of the medium, tech- 
niques of incubation and analyses for recovered metabolites have 
all been described in earlier papers (4-6). Epinephrine was 
added as the hydrochloride to the incubation medium immedi- 
ately before addition of the tissue. 


RESULTS 


In Table I are presented the results of 4 experiments with 
randomly labeled glucose-C™ as substrate, comparing the effects 
of insulin and of epinephrine, alone or combined, on the metab- 
olism of glucose carbon. As previously reported from this and 
other laboratories (4-7), insulin stimulation is principally associ- 
ated with increased fatty acid synthesis and CO: production. 
On the other hand, addition of epinephrine to the medium is 
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associated with an increased recovery of glucose-C™ in COs and 
glyceride-glycerol. With both hormones present, glucose me- 
tabolism to CO2 and glyceride-glycerol is greater than with 
either hormone alone; however, the insulin effect upon fatty 
acid synthesis is largely suppressed. Surprisingly, epinephrine 
does not alter the small but significant control recovery of labeled 
carbon in glycogen, but markedly inhibits the increase following 
insulin stimulation. 

Table I also shows a net uptake of titratable fatty acids from 
the medium by the control tissues, an effect which, as reported 
previously (8), is slightly increased by insulin. Epinephrine re- 
sults in the expected (8, 9) release of free fatty acids from the 
tissue into the medium. In accord with these net changes is the 
distribution of the newly synthesized fatty acids between tissue 
and medium. In the presence of insulin alone, 0.2% of newly 
synthesized fatty acids are released into the medium, as measured 
by the recovery of radioactivity in an aliquot of the extract used 
for titration of free fatty acids (6) with addition of a small amount 
of carrier lipid. However, with epinephrine, approximately 20% 
of the newly synthesized fatty acids are released. Partition of 
these released fatty acids into glycerides and free fatty acids (10) 
has shown, as expected, that the labeled fatty acids are indeed 
unesterified (unpublished observations). 

Previous papers in this series have shown that both in control 
and in insulin-stimulated tissues approximately equal amounts 
of glucose are metabolized by the glycolytic and the phosphoglu- 
conate-oxidative pathways as evidenced by twice as much recov- 
ery of glucose carbon 6 in fatty acids, when compared to carbon 
1 (5). Failure to observe this same ratio in glyceride-glycerol, 
both in control and in insulin-stimulated tissues, has been attrib- 
uted (6) to lack of total equilibration of triose phosphates by 
triose isomerase, favoring the recovery of carbon 1 in glycerol. 
In Table II are listed the recoveries of glucose carbons 1 and 6 
in control tissues and tissues from the same animals incubated 
in the presence of epinephrine. The oxidation of both labeled 
carbons is markedly increased; however, carbon 6 oxidation is 
comparatively stimulated to the greater extent. Also, the 
marked glyceride-glycerol synthesis noted in the experiments 
with randomly labeled glucose is corroborated by these studies 
with specifically labeled substrates. Whereas in the control tis- 
sues more carbon 6 than carbon | is recovered in glyceride-glyc- 
erol, the reverse is true in the presence of epinephrine, suggesting 
that triose isomerase equilibration is proportionately less rapid 
with increased glycerol synthesis. In addition, as will be next 
discussed, there appears to be a smaller fraction of glucose 6- 
phosphate metabolized by the phosphogluconate-oxidative path- 
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Effect of epinephrine (10-4 m) and insulin (0.1 unit per ml) on the metabolism of uniformly labeled glucose-C'* by adipose tissue in vitro 


Values in uzmoles C'‘ recovered per mg adipose tissue nitrogen per 3 hrs. Mean of four experiments with standard errors. 


fatty acids 0.657 meq per liter, glucose 5 mm. 


Medium 


Control Insulin Epinephrine Epinephrine + insulin 

CO» 2.56 + 0.18 13.88 + 1.42 8.98 + 1.07 15.50 + 1.71 
Glyceride-glycerol* 2.30 + 0.18 6.01 + 0.37 13.61 + 0.41 22.62 + 1.10 
Fatty acids 

Tissue 0.74 + 0.14 12.30 + 1.61 0.81 + 0.21 2.23 + 0.48 

Medium 0.016 + 0.003 0.029 + 0.004 0.156 + 0.039 0.250 + 0.063 

Ratio, medium: tissue 0.022 0.002 0.193 0.112 
Glycogen 0.12 + 0.03 .29 + 1.72 0.12 + 0.01 0.17 + 0.02 
Change in medium titratable —1.3+0.1 —1.6 + 0.2 +4.4 + 0.5 +4.4 + 0.6 

fatty acids (ueq/mg N) 
* Calculated as 3} X glycerol-a-carbons. 
TABLE II 


Values in pmoles per mg adipose tissue nitrogen per 3 hrs. Mean of sixteen experiments with standard errors. 


Effect of epinephrine (10-4 a) on metabolism of glucose-1-C'* and glucose-6-C"4 by adipose tissue in vitro 


0.6 to 0.8 meq per liter, glucose 5 mm. 


Medium fatty acids 


Control Epinephrine 
Glucose-1-C'4 Glucose-6-C!4 Glucose-1-C™ Glucose-6-C™ 6 
eg a ar 0.393 + 0.031 0.142 + 0.012 2.76 1.210 + 0.062 0.920 + 0.065 1.32 
Glyceride-glycerol a carbons..| 0.328 + 0.025 0.378 + 0.017 0.87 2.063 + 0.115 1.372 + 0.106 1.50 
Tissue fatty acids............ 0.062 + 0.014 0.120 + 0.021 0.52 0.058 + 0.012 0.055 + 0.017 1.05 
0.012 + 0.002 0.011 + 0.002 1.09 0.013 + 0.001 0.010 + 0.001 1.30 
TABLE III 


Values in wymoles per mg adipose tissue nitrogen per 3 hrs. 


Effect of epinephrine (10-4 1) on metabolism of glucose-1-C'4, glucose-2-C'4 and glucose-6-C' by adipose tissue in vitro 


0.6 to 0.8 meq per liter, glucose 5 mm. 


Mean of seven experiments with standard errors. 


Medium fatty acids 


Control Epinephrine 
Glucose-1-C!4 Glucose-2-C'4 Glucose-6-C'4 Glucose-1-C'4 Glucose-2-C'4 Glucose-6-C!# 

BS ea cr on cae, 0.321 + 0.023 | 0.264 + 0.030 | 0.132 + 0.015 1.413 + 0.070 | 0.856 + 0.080 | 0.843 + 0.123 
Glyceride-glycerol 

a carbons............. 0.340 + 0.044 0.060 + 0.007 0.394 + 0.030 1.829 + 0.351 0.178 + 0.022 1.338 + 0.210 

OO, on eck ces 0.002 + 0.0001 | 0.215 + 0.027 0.002 + 0.0006 | 0.002 + 0.0007 | 1.475 + 0.211 0.001 + 0.000 
Tissue fatty acids...... 0.031 + 0.004 0.058 + 0.021 0.068 + 0.019 0.060 + 0.025 | 0.015 + 0.006 | 0.092 + 0.038 
en 0.018 + 0.002 | 0.017 + 0.002 | 0.016 + 0.005 | 0.016 + 0.001 0.014 + 0.001 0.010 + 0.001 


way, and this also would favor a greater recovery of carbon 1, 
relative to carbon 6, in glycerol. 
ery of carbon 1 compared to carbon 6 in glycogen is unexplained. 
A greater number of experiments is required to establish signif- 


icance. 


In Table III are tabulated results from experiments demon- 
strating the effect of epinephrine on the metabolism of glucose- 
and glucose-6-C™, six pieces of adipose 
The amount of 


glucose-2-C", 
tissue having been excised from each animal. 
glucose carbon 2 recovered in the @ carbon of glycerol, a mani- 
festation of rearrangement by the phosphogluconate-oxidative 
pathway, is proportionately less, suggesting that a comparatively 
larger fraction of glucose is metabolized by the glycolytic path- 
Way in the presence of epinephrine. 


The slightly increased recov- 


The surprisingly diminished 


1 and 6 of glucose. 


ured products. 


amount of glucose carbon 2 recovered in fatty acids after epi- 
nephrine stimulation cannot be satisfactorily explained. 

Table 1V compares the effects of insulin and epinephrine, and 
of both hormones added together, on the metabolism of carbons 
In this series of experiments one group of 
animals was used for the incubation with glucose-1-C™ and an- 
other group for the incubation with glucose-6-C™. 
experiments with randomly labeled glucose, both hormones in- 
creased the rate of incorporation of glucose carbon into the meas- 
Whereas the pattern of carbon distribution 
observed was essentially the same in the insulin-stimulated and 
in the control tissues, the presence of epinephrine greatly modi- 
fied this pattern. The total amount of labeled glucose carbon 
recovered in the metabolic products was increased to a greater 
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TABLE IV 
Effect of epinephrine (10-4 m) and insulin (0.1 unit per ml) on the metabolism of glucose-1-C'4 and glucose-6-C"™4 by adipose tissue in vitro 


Values in wzmoles per mg adipose tissue nitrogen per 3 hrs. 
cose 5 mM. 


Mean of three experiments. 


Medium fatty acids 0.6 meq per liter, glu- 


Glucose-1-C'4 Glucose-6-C!4 
Control Insulin Epinephrine Control Insulin Epinephrine 

0.430 2.210 1.170 2.030 0.117 (). 282 1.070 1.605 
Glyceride-glycerol 

0.394 0.641 2.390 3.763 0.307 0.693 1.768 | 3.191 
Tissue fatty acids.......... 0.067 0.772 0.081 0.276 0.098 1.453 0.261 | 0.897 
0.017 0.273 0.018 0.030 0.014 0.246 0.028 | 0.023 

TABLE V 


Effect of l-epinephrine (10-4 m), l-norepinephrine (10-4 m) and d,l-3-methory epinephrine (2 K 10-4 a) on metabolism of glucose-6-C™ by 
adipose tissue in vitro 


Values in uymoles/mg adipose tissue nitrogen/3 hrs. 
liter, glucose 5 mo. 


Mean of four experiments with standard errors. 


Medium fatty acids 0.6 meq per 


Control l-Epinephrine l-Norepinephrine d,l-3-Methoxy epinephrine 
0.156 + 0.008 0.891 + 0.042 0.529 + 0.125 0.179 + 0.014 
Glyceride-glycerol 
NEES OT ES EO 0.351 + 0.031 0.951 + 0.039 0.796 + 0.103 0.443 + 0.021 
Tissue fatty acids................. 0.178 + 0.026 0.083 + 0.012 0.041 + 0.008 0.192 + 0.032 
SE Oa PE a ee 0.005 + 0.001 0.008 + 0.001 0.007 + 0.002 0.006 + 0.001 
Changes in medium free fatty acids 
-1.5 + 0.2 +5.8 + 0.2 +5.9 + 0.2 —1.1 + 0.1 
GLYCERIDE used, is equal to it in effecting the release of free fatty acids into 
ea GLYCEROL FATTY ACIDS the medium. Tissues incubated in the presence of 3-methoxy 
z 1000 2000 250 epinephrine differ little, if at all, from control tissues. 
5 | ; | P a Time studies were performed to determine whether the meta- 
“ne ra bolic effects of epinephrine varied during the course of incubation. 
3 i FA Fig. 1 charts the results from experiments with glucose-1-C" and 
a df PA glucose-6-C' with and without epinephrine and suggests that 
3 JE Le most measured parameters varied linearly during the 180 min- 
& “ys we utes of incubation. A similar experiment in which the tissues 
were removed every 15 minutes during 1 hour also showed lin- 
MINUTES earity of response over this period of time. 


o:C-i 


EPINEPHRINE 


CONTROL: 


Fic. 1. Effect of epinephrine (10-4 m) on glucose metabolism in 
adipose tissue as a function of time. Medium fatty acids 0.6 meq 
per liter, glucose 5 mm. 


extent by the presence of both hormones together than by either 
hormone alone. However, the pattern of labeled carbon distri- 
bution observed in the presence of both hormones was similar 
to that produced by epinephrine alone; namely, accelerated glyc- 
eride-glycerol synthesis and a relatively greater stimulation of 
oxidation of carbon 6 to COs. 

Norepinephrine has also been shown to effect free fatty acid 
release from adipose tissue (9). Table V compares epinephrine 
and norepinephrine-stimulated tissues with control tissues, and, 
in addition, with tissues incubated in the presence of a reportedly 
inactive metabolic product of epinephrine metabolism (11), 3- 
methoxy epinephrine. It would appear that norepinephrine is 
almost as effective as epinephrine in accelerating glucose oxida- 
tion and glyceride-glycerol synthesis and, at the concentrations 


Since unphysiological concentrations of epinephrine (10-4 m) 
were used for the experiments described so far, incubations were 
also performed with decreasing concentrations of the hormone. 
In the experiment shown in Fig. 2 the concentration of epineph- 
rine was reduced to 10-* m or 1.83 ygrams per liter, a concen- 
tration in the physiologic range (12). The epinephrine effect 
on the most sensitive parameters was just, but definitely 
present at 10-° M. 

Recent experiments have shown that adrenal corticotropic hor- 
mone and growth hormone (13) increase the release of free fatty 
acids by adipose tissue in vitro. These two hormones have also 
been found to induce a pattern of metabolism (14)! similar to 
that induced by epinephrine; namely, a preferential stimulation 
of carbon 6 oxidation and an accelerated rate of glyceride-glycerol 
synthesis. Since an increase in the free fatty acid concentration 
in adipose tissue is associated with their release (13), the effects 
of the accumulation and esterification of fatty acids in the ab- 
sence of added hormone were studied. This was accomplished 


1B. Leboeuf, in preparation. 
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by addition of sodium palmitate to the incubation medium, pre- 
vious experiments having shown (10, 15) that the uptake and 
esterification of free fatty acids by adipose tissue in vitro 
is linearly proportional to their concentration in the medium. 
Table VI summarizes the results of these experiments. In the 
presence of high concentrations of free fatty acids there was a 
significant increase in glyceride-glycerol synthesis as well as an 
increase in the oxidation of glucose carbon 6. These changes 
were quite similar to the effects observed with minimal concen- 
trations of epinephrine, such as or o. 

It has recently been suggested that growth hormone specif- 
ically affects the oxidation of glucose carbon 6 by the glucuronic 
acid pathway (16). That this is probably not the case for the 
epinephrine-induced increased oxidation of glucose carbon 6 is 
evidenced by the proportionate increase in oxidation of ran- 
domly labeled glucose as well as by the increased oxidation of 
glucose carbon 1, both observations suggesting increased oxida- 
tion of the entire molecule, presumably in the tricarboxylic acid 


CO, GLYCERIDE GLYCEROL GLYCOGEN 
2000; 
« 
‘ 


FATTY 
ATTY ACI 


TISSUE FATTY ACIDS MEDIUM FATTY ACIDS 


" 


MICROMOLES/MGM TISSUE WN 


PER CENT 


MOLAR CONCENTRATION EPINEPHRINE 
Fic. 2. Effect of decreasing concentrations of epinephrine on 
the metabolism of glucose-6-C"* in adipose tissue. Medium fatty 
acids 0.6 meq per liter, glucose 5 mm. 


wo’ 0 10% 10° 10? 10% 


TABLE VI 


Effect of high medium fatty acid concentration on metabolism of 
glucose-1-C'4 and glucose-6-C'* by adipose tissue in vitro 
Values in wmoles per mg adipose tissue nitrogen per 3 hrs. 

Mean of eight experiments. Albumin 0.5 mm; “‘high fatty acids,” 

3.0 meq per liter; ‘‘low fatty acids,’’ 0.5 meq per liter; glucose 

5mM. 


High fatty acid value 


100 


Glucose-1-C'* | Glucose-6-C™ fatty acid value 
with standard errors* 
High | Low High | Low Glucose- Glucose- 
0.435) 0.446, 0.254; 0.161; 102 7 167 6 
Glyceride-glyc- 
0.535 0.346) 0.505) 0.383) 153 + 10136 + 8 
Tissue fatty 
0.042) 0.053) 0.043) 0.083, 106 + 1866 + 12 


* Values calculated from paired ratios from each of the eight 
experiments. 
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TaBLeE VII 
Effect of epinephrine and added unlabeled pyruvate on the metabolism 
of glucose-1-C'4 and glucose-6-C'4 by adipose tissue in vitro 
Values in wmoles per mg adipose tissue nitrogen per 3 hrs. 
Mean of four experiments with per cent changes and standard 
error of per cent changes. 


fs 
CO: Glycerol-carbon 
3 = Glucose- | Glucose- | Glucose-| Glucose- 
ma /l 
Control 0 | 0.403 | 0.134 | 0.277 | 0.333 
1 0.413 | 0.111 | 0.215 | 0.341 
5 | 0.457 | 0.035 | 0.127 | 0.297 


‘“‘Pyruvate (5 mm)” 
‘“‘Pyruvate (0 mm)” 


100* 126 + 2325 + 347 + 90+5 


Epinephrine (10~¢ m) 0 | 0.899 | 0.874 | 1.325 | 1.102 
5 | 0.587 | 0.270 | 1.054 | 1.053 

“p te (5 mm)” 
100° 6444 |31 + 4/84 + 71100419 


‘“‘Pyruvate (0 mm)”’ 


* Values calculated from paired ratios from each of the four 
experiments. 


cycle. If such be the case, addition of substrates likely to dilute 
glucose metabolites entering the tricarboxylic acid cycle should 
decrease the recovery of glucose carbon in CO,. In Table VII 
are summarized the results of several experiments comparing the 
effects of pyruvate upon the metabolism of specifically labeled 
glucose with and without added epinephrine. It is evident that 
pyruvate decreased the oxidation of glucose carbon 6 and slightly 
stimulated the oxidation of carbon 1 in the control tissue. How- 
ever, during epinephrine stimulation, the oxidation of both glu- 
cose carbon 1 and carbon 6 was depressed, suggesting that the 
increased oxidation of these substrates occurs by way of the tri- 
carboxylic acid cycle. 

The variable but definite stimulation of carbon 1 oxidation 
observed in the control tissues when pyruvate was added is in 
accord with observations in the retina, as reported by Kinoshita 
(17). That this may indicate stimulation of the phosphoglu- 
conate-oxidative pathway is corroborated by diminution in the 
recovery of glucose carbon 1 in glyceride-glycerol relative to the © 
recovery of glucose carbon 6, suggesting loss of carbon 1 as CO». 


DISCUSSION 


Adipose tissue triglycerides continuously undergo lipolysis to 
free fatty acids, and the fatty acids are in turn re-esterified, 
particularly if glucose is present in the medium (6). In a pre- 
vious communication (1) free glycerol was found to be liberated 
from adipose tissue incubated in vitro. After addition of epi- 
nephrine to the medium, glucose uptake is increased 2-fold and 
the release of free glycerol increased approximately 4-fold in 
addition to a marked acceleration in the rate of release of free 
fatty acids into the medium (1). The data presented in this 
paper demonstrate an increased incorporation of glucose C1 - 
labeled carbon into glyceride-glycerol in the presence of epineph- 
rine. These findings, taken together, suggest that the effect of 
epinephrine in mobilizing fatty acids from adipose tissue is pri- 
marily by acceleration of triglyceride lipolysis and not by inhibi- 
tion of re-esterification of the fatty acids. Since addition of 
excess free fatty acids to the medium induces a pattern of glucose 
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metabolism similar to that accompanying epinephrine stimula- 
tion, it is conceivable that the effects of epinephrine upon glucose 
metabolism are secondary to high levels of free fatty acids re- 
sulting from accelerated lipolysis. It should be parenthetically 
stated at this point that free glycerol is poorly utilized as a pre- 
cursor for glyceride-glycerol (15, 18). 

The discrepancy in the effects of epinephrine on glucose metab- 
olism by muscle and adipose tissue is possibly explicable by 
their respective glycogen contents. Whereas muscle contains 
significant reserves of glycogen, adipose tissue from animals fed 
a routine diet does not (19), and metabolic events secondary to 
accumulation of glucose 6-phosphate from glycogenolysis (as pos- 
tulated for muscle (20, 21)) are not likely to occur. 

Although relatively high levels of epinephrine are required to 
elicit the metabolic effects discussed in this report, it should be 
noted that norepinephrine is as effective as epinephrine. The 
concentration of norepinephrine at nerve endings is unknown, 
but likely exceeds circulating levels. This consideration is im- 
portant when assessing the as yet hypothetical physiological 
significance of the effects described. 


SUMMARY 


A study has been made of the effects of epinephrine added in 
vitro upon the metabolism of glucose by rat adipose tissue. 

The accelerated glucose uptake caused by epinephrine is asso- 
ciated with an increased oxidation of glucose carbon to CO. In 
addition, the incorporation of glucose carbon into glyceride-glyc- 
erol is markedly enhanced, whereas fatty acid synthesis remains 
unchanged. 

The oxidation of glucose carbon 6 was stimulated by epineph- 
rine to a greater extent than the oxidation of glucose carbon 1. 
Insulin-induced fatty acid synthesis from glucose carbon was 
inhibited by the presence of epinephrine. 

These findings suggest that the epinephrine-induced release of 
fatty acids from adipose tissue is the result of accelerated lipolysis 
of triglycerides. Furthermore, since the addition of fatty acids 
to the medium elicited alterations in glucose metabolism quali- 
tatively similar to those induced by epinephrine, it is conceivable 
that the changes in glucose metabolism observed in the presence 
of epinephrine are secondary to the elevated fatty acid levels 
resulting from accelerated lipolysis. 
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The enzymatic inversion of configuration of individual carbon 
atoms of a carbohydrate is a common phenomenon in living tis- 
sues and a variety of reactions of this type involving a number of 
different mechanisms has been demonstrated (1-8). The net 
result of these reactions is the conversion of the carbohydrate to 
a diastereoisomer by the epimerization of one or more carbon 
atoms. Fewer examples are known, however, of the conversion 
of a carbohydrate to its enantiomorph by the inversion of con- 
figuration of all the asymmetric carbon atoms of the molecule. 
Such a complex rearrangement occurs in the biosynthesis of N- 
methyl-L-glucosamine, a component of the antibiotic streptomy- 
cin, from D-glucose by strains of Streptomyces griseus. The for- 
mation of enantiomorphs has been shown in the pentose series 
(4, 6). 

As a first approach to a study of the mechanism of this unique 
conversion the patterns of labeling of the N-methyl-.-glucos- 
amine in streptomycin synthesized from p-glucose-1-C™ and p- 
glucose-6-C™ in growing cultures of Streptomyces griseus have 
been determined, and the results are presented in the present 
communication. 


EXPERIMENTAL 


Culture Techniques—The spores of S. griseus! used for the pro- 
duction of streptomycin in liquid cultures were obtained from a 
slant composed of 1% glucose, 0.05% L-asparagine, 0.05% 
K:HPO,, and 1.5% agar which had been inoculated and incu- 
bated at 28° until a greyish green mat appeared on the surface 
of the culture. The viability and streptomycin-synthesizing 
ability of these spores could be maintained for at least a year by 
sealing this agar slant and storing it at 2 to 3°. 

For the maximal production of streptomycin from this strain 
of S. griseus the following procedure for culturing was found most 
effective. Subcultures from the agar slant were made into the 
liquid medium suggested by Dulany (9) except that yeast extract 
(Difco) was substituted for distillers’ dried solubles and Soytone 
(Difco) for soybean meal. Incubation was carried out under 
aerobic conditions in water bath at 28° with rapid shaking (130 
to 140 oscillations per minute). After 2 days a small inoculum 
was transferred to 25 ml of a medium consisting of 1% each of 
glucose, trypticase (Baltimore Biological Laboratories), and 


* This investigation was supported by a research grant, No. 
A933 from the Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service. 

t Predoctoral fellow of the United States Public Health Service, 
1955 to 1959. 

1 This strain of Streptomyces griseus, No. 640-266, was kindly 
supplied by Mr. Kenneth Tate of Chas. Pfizer and Company, Inc., 
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NaCl, and 0.6% beef extract (Difco) (10) and incubation was 
continued as before. The maximal yield of streptomycin was 
obtained after 4 to 5 days and ranged between 0.4 to 0.5 mg per 
ml as assayed by the maltol reaction (11) as modified for fermen- 
tation broths by St. John e¢ al. (12). Maximal incorporation 
of radioactivity was obtained when solutions of radioactive glu- 
cose sterilized by either autoclaving or by filtering through a 
Swinny filter (Becton-Dickinson Company) were added 60 hours 
after the initial inoculation. Similar results were also found by 
Hunter and Hockenhull (13). The respiratory COs, in these ex- 
periments, was then collected by sweeping the cultures with CO,- 
free air which ultimately passed through NaOH traps. 

Isolation of ydrochloride—The strep- 
tomycin was separated from the cultures by the method of Hun- 
ter and Hockenhull (13) in which the cells are first removed by 
centrifugation and the streptomycin in the supernatant liquid 
then is adsorbed on Amberlite IRC-50 (Na+) and eluted with 0.5 
N HCl. The N-methy]-.t-glucosamine was then isolated by the 
following procedure. The eluate from the resin was concentrated 
to a small volume and diluted with an equal volume of concen- 
trated HCl. Any salt which precipitated was removed by centrif- 
ugation, and the streptomycin was hydrolyzed by heating the 
solution at 100° for 4.5 hours. Most of the acid then was re- 
moved by concentration of the solution under reduced pressure 
and the pH was adjusted to about 3.5 with NaOH or Dowex 1 
(CO;7). Ina typical run, 1.9 mg of radioactive methyl glecos- 
amine HCl were found when assayed by the method of Scudi 
et al. (14) with NazCO; to determine the free amino sugar. This 
amount corresponds to 67% of the streptomycin present in the 
culture. The solution was then chromatographed on a Dowex 
50 (H+) column after adding 7.9 mg of analytically pure N- 
methyl-L-glucosamine HCl as a carrier. The amino sugar was 
eluted from the resin with 0.1 N HCl, and the fractions containing 
the methyl glucosamine were combined, concentrated, and de- 
salted electrolytically in a Reco desalter. Nine and three-tenths 
milligrams were recovered (95% yield), and to this were added 
296 mg of analytically pure N-methyl-L-glucosamine to give a 
calculated specific activity of 50 ¢.p.m. per umole. The solution 
was then concentrated to dryness, and the residue was taken up 
in a small volume of hot 95% ethanol to which acetone was added 
to give a final ratio of acetone-ethanol of 2:3. Crystallization 
occurred upon cooling the solution to room temperature, and the 
product was recrystallized until a constant specific activity was 
obtained. The final yield was 200 mg (66%). 

Degradation of N-Methyl-t-glucosamine-H ydrochloride—Crys- 
talline salt (200 mg) was oxidized to N-methyl-t-glucosaminic 
acid with HgO according to the procedure of Pringsheim and 
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Ruschmann (15) and was crystallized to constant specific activity 
from methanol-water (1:1 by volume). The final yield was 93 mg 
(58%), and the chemical purity of the compound was established 
by nitrogen analysis (found: 6.56%; theory: 6.71%), and by de- 
scending paper chromatography on Whatman No. 1 paper with 
n-butanol-pyridine-water (6:4:3) (16), and 80% n-propanol con- 
taining 0.8% ammonium acetate (17) as the solvents. The Rp 
values in these solvent systems for N-methy]l-t-glucosamine are 
0.29 and 0.32, and for N-methyl-t-glucosaminic acid 0.11 and 
0.083, respectively. 

Methyl glucosaminic acid (82 mg) was decarboxylated with 
chloramine-T to CO: (carbon 1), which was collected as BaCO; 
(yield: 78.3 mg; 102%), and t-arabinose in the presence of pH 
4.7 citrate buffer at 46° according to the method of Van Slyke 
et al. (18). A yield of 92% (53.8 mg) of pentose was obtained 
as determined by the orcinol method of Mejbaum (19), and the 
arabinose was identified by descending paper chromatography on 
Whatman No. 1 paper with phenol-water (4:1), as the solvent 
system (20). After acidification of the solution, the precipitated 
p-toluene sulfonamide was removed by filtration and the filtrate 
containing the L-arabinose was deionized on a mixed bed ion ex- 
change column composed of equal parts by weight of Dowex 2 
(OH-) and Dowex 50 (H*). The arabinose (50.8 mg), after oxi- 
dation to arabonic acid with methanolic alkaline iodine, was con- 
densed with o-phenylene diamine according to the procedure of 
Moore and Link (21) to form benzimidazole arabinose (2-tetra- 
hydroxy butyl benzimidazole) which was crystallized from etha- 
nol-water to constant specific activity. A 37% yield (28 mg) was 
obtained; m.p. 235° (with decomposition). The benzimidazole 
arabinose was degraded further by a slight modification of the 
method of Bernstein et al. (22). The entire yield was oxidized 
with NalO, to give formaldehyde (carbon 6), formic acid (car- 
bons 4 and 5), and benzimidazole 2-aldehyde containing carbons 
2 and 3 of the original amino sugar. The solution was made alka- 
line to precipitate the aldehyde, which was removed by centrifu- 
gation, and oxidized with alkaline permanganate to benzimidaz- 
ole 2-carboxylic acid which was crystallized to constant specific 
activity (yield, 4.9 mg). This acid then was decarboxylated at 
190° to CO, (carbon 3) and benzimidazole (carbon 2) which was 
purified by sublimation at 190° before counting. 

The supernatant solution obtained after removal of the benz- 
imidazole aldehyde was acidified with HCl, and the excess perio- 
date was destroyed with sodium arsenite. The solution was 
again made alkaline and the formaldehyde was distilled out and 
oxidized to CO; with KMnQ, after first removing any residual 
CO: by sweeping with CO,-free air (23). The formic acid re- 
maining in the solution was oxidized then to CO2 with mercuric 
acetate (24). 

In the experiments with glucose-6-C™, the following additional 
degradative procedures were used. (a) N-Methyl-glucosaminic 
acid (6.7 mg), diluted with 17.4 mg of pure carrier, was oxidized 
directly with 214 mg of NaIO, at pH 5 for 6 hours at 25° to give 
CO: (carbon 1), formaldehyde (carbon 6), and formic acid (car- 
bons 2, 3, 4, and 5). The formaldehyde and formic acid subse- 
quently were oxidized to CO2 as described above. (6) Benzimid- 
azole arabinose (4 mg) diluted with 11 mg of carrier was treated 
with 49 mg of NaIQO, at pH 6 for 30 minutes at 25°. The formal- 
dehyde was first oxidized with NalO to formic acid after prior 
distillation. The resulting formic acid was then oxidized with 
mercuric acetate to CO>. 

All CO2 samples were collected in a Ba(OH), solution, and the 
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BaCO; formed was dried at 100° and counted. The organic com- 
pounds were counted directly. Samples were plated on alumi- 
num planchets from acetone suspensions, and the radioactivity 
determined with a gas flow counter using 98.7% helium and 1.3% 
butane as the quenching gas. All samples were counted to a 
standard error of 5% and corrected to infinite thinness. 


RESULTS 


Glucose-1-C'* Experiment—To a growing culture of S. griseus, 
60 hours after the initial inoculation, were added 3.9 mg (10 uc) 
of glucose-1-C'* (New England Nuclear Corporation). Of the 
total radioactivity added 17% was removed in the respiratory 
CO2 and 0.77% in the N-methyl-t-glucosamine-HCl isolated 
from the 7.7 mg of streptomycin synthesized by the organism. 
As indicated in Table I the major portion (78%) of the radioac- 
tivity incorporated into the carbon chain of the amino sugar was 
found in carbon 1. Only carbon 6 of the remainder of the chain 
showed any appreciable radioactivity (14%). This pattern of 
labeling, therefore, is consistent with a mechanism resulting in a 
direct incorporation of the carbon skeleton of p-glucose into the 
methyl] glucosamine without inversion of the carbon chain. 

The results of this experiment do not rule out a cleavage of the 
glucose chain into fragments which are not in equilibrium with 
each other and which can recombine to form a hexose with an 
altered configuration without a change in the sequence of the 
carbon atoms. Furthermore, the possibility is not excluded that 
the methyl glucosamine is synthesized by the combination of 
fragments not derived from glucose with a glucose fragment con- 
taining carbon 1 in such a manner that carbon 1 of glucose be- 
comes carbon | of the amino sugar. The carbon dioxide pro- 
duced from the oxidation of the p-glucose might play such a role. 
A mechanism of this type can be rendered less likely if the methy] 
glucosamine synthesized from p-glucose-6-C™ is found to be 
labeled primarily in carbon 6 with essentially no radioactivity in 
carbon 1. 

Glucose-6-C'4 Experiment—Glucose-6-C"™ (6.4 mg, 25 ucuries— 
New England Nuclear Corporation) was added to a growing cul- 
ture of S. griseus and the methy] glucosamine isolated and de- 


TABLE 
Distribution of radioactivity in N-methyl-x-glucosaminic acid 
prepared from streptomycin formed by S. griseus 
in the presence of radioactive glucose 


Glucose-1-C14 Glucose-6-C!4 
Compound or carbon atom Radio- Radio- 
Specific activity Specific activity 
activity in carbon activity in carbon 
chain chain 
c.p.m./pmole % c.p.m./pmole % 
N-Methyl-.-glucosa- 28.4 66.3 
minic acid 
Benzimidazole arabinose 6.7 56.5 
Carbon 1 16.2 78 0.7 2 
Carbon 2 0 0 
| 0.1 0.6 
Carbon 3 0.8 4 
Carbons 4 and 5 0.5 5 0.94 5.3 
Carbon 6 2.9 14 32.6 92 
N-Methy] 5.5* 9.1* 


* Calculated by the difference between the methy] glucosaminic 
acid and the benzimidazole arabinose plus carbon 1. 
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graded as before. The respiratory CO: in this experiment con- 
tained 34% of the total radioactivity added, whereas the amino 
sugar isolated from the 5.4 mg of streptomycin obtained from the 
culture had incorporated only 0.53%. In Table I are presented 
the data showing the incorporation of radioactivity into the vari- 
ous carbons of the methyl glucosamine. These results demon- 
strate that essentially all the radioactivity in the carbon chain of 
the amino sugar resides in carbon 6. Thus the likelihood of a 
small fragment such as CO; arising from the aldehyde portion of 
glucose for use in the synthesis of methyl glucosamine is rendered 
remote, and the premise that the carbon chain is used without 
inversion and intact is greatly favored. 

It is to be noted that the recovery of radioactivity in the de- 
graded molecule was low (62%). In an attempt to determine 
what factors caused this low recovery, both N-methyl-L-glucos- 


 aminic acid and benzimidazole arabinose were degraded directly 


with periodate as described earlier in this paper. The results of 
these experiments are given in Table II and again indicate that 
essentially all the isotope resides in carbon 6 of the isolated amino 
sugar. However, a low recovery was also encountered in these 
degradations, and may be attributed to a dilution of the CO; col- 
lected from the oxidation of the small amounts of formaldehyde 
used in this experiment. It is obvious that the same dilution in 
the experiment with glucose-6-C" will make a greater difference 
because of the amount of radioactivity in carbon 6. If a correc- 
tion for this assumed dilution is applied to the radioactivity in 
carbon 6 in the glucose-1-C™ experiment, the specific activity of 
this carbon will increase to a value of 4.0, and the contribution 
of this carbon to the total radioactivity in the carbon chain then 
will be 18%. Thus this correction in no way affects the interpre- 
tation of the experimental findings. 

The significant amount of radioactivity in carbon 6 of the 
amino sugar in the glucose-1-C™ experiment (14%) as contrasted 
to the much smaller amount in carbon 1 in the glucose-6-C™ ex- 
periment (2%) is readily explained. The pentose-P shunt path- 
way has been shown to be the major one for glucose metabolism 
in some Streptomyces (25, 26). The pattern of labeling may be 
assumed, therefore, to be the result of the action of transketolase 
and transaldolase (Fig. 1), provided the additional assumption is 
made that hexose diphosphate-aldolase activity is low. It would 
follow that the isotope in carbon 6 of the precursor hexose in the 
glucose-6-C™ experiment would label the triose-P only slightly 
through glycolysis and extensively through the pentose-P shunt 
pathway. However, since the aldolase reaction is assumed to 
occur only to a slight extent, little isotope would randomize to 
carbon 1 of the hexose by way of triose-P isomerase and aldolase 
and none by way of transketolase and transaldolase. On the 
other hand, the isotope in carbon 1 of the precursor hexose in the 
glucose-1-C" experiment would label the triose-P slightly by way 
of glycolysis and not at all by way of the pentose-P shunt path- 
way. Since, as in the glucose-6-C experiment the aldolase ac- 
tivity is low, the labeled triose-P arising from glucose-1-C™ would 
label carbon 6 of the hexose only slightly by reversal of the al- 
dolase reaction but, in this case, would readily label carbon 6 of 
the hexose by way of transketolase and transaldolase. It may 
be added that the unequal extent of randomization of isotope in 
the two experiments is not consistent with the finding of Wang 
et al. (27) that glycolysis constitutes the major metabolic path- 
way for carbohydrate in S. griseus since similar patterns of dis- 
tribution of radioactivity would be expected. 


M. Silverman and S. V. Rieder 


1253 


TaBLe II 
Distribution of radioactivity in N-methyl-t-glucosaminic acid and 
benzimidazole arabinose degraded directly by periodate 
The methy] glucosaminic acid and the benzimidazole arabinose 
were diluted as indicated in the text. Both compounds were ob- 
tained from the N-methyl-L-glucosamine isolated from the strep- 
tomycin produced by S. griseus in the presence of p-glucose-6-C"™, 


Specific activity 


Carbons isolated 
Methy! glucosaminic Benzimidazole 
i arabinose 
c.p.m./pmole c.p.m. pmole 
Entire molecule 20.4 15.4 
Carbons 2, 3, 4, and 5 0.19 
Carbon 6 11.4 9.3 
*7OH 
OH 
OH 
4~-0OH 


OH a+O-P 
a*-O-P 


TK = TRANSKETOLASE 
TA = TRANSALDOLASE 
x = ISOTOPE FROM GLUCOSE —!-—c'4* 
a = ISOTOPE FROM GLUCOSE—6-cC’'4 


Fig. 1. Scheme to show the randomization of isotope between 
carbons 1 and 6 of hexose-P in the glucose-1-C' and glucose-6-C™ 
experiments. The broken arrow indicates the reactions of gly- 
colysis and denotes a minor pathway of carbohydrate metabolism. 


DISCUSSION 


A number of possible pathways for the synthesis of N-methyl- 
L-glucosamine from D-glucose which are consistent with present 
biochemical knowledge may be postulated. On the basis of the 
experiments described in this paper, some of these possibilities 
are eliminated. Thus, the data exclude the inversion of the 
carbon chain of p-glucose to form tL-gulose, and the conversion 
of the latter to L-glucose by the epimerization of carbons 3 and 4. 
Starting with p-glucose-1-C' one would expect, contrary to the 
present data, the formation of L-glucosamine-6-C™ by way of 
this pathway. Another possible pathway involves the inter- 
mediate formation of cyclic hexahydroxy compounds as in the 
suggested role of myo-inositol as an intermediate in carbohydrate 
metabolism (28, 29). The data presented above, however, ex- 
clude the possible cleavage of such a cyclic compound at a bond 
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different from that formed upon cyclization of p-glucose. For 
example, cleavage of myo-inositol at the bond diametrically op- 
posite to that of formation would lead to t-glucose. Thus p- 
glucose-1-C' would be expected to give rise to L-glucosamine-3- 
C4, but this is contradicted by the data. Similarly, a mechanism 
whereby a cleavage at the original bond of formation with the 
reversal of the aldehydo and primary hydroxy] groups is also 
eliminated since L-glucosamine-6-C would be expected. 

A possible mechanism for the inversion of all the asymmetric 
carbons of D-glucose is one of multiple epimerizations similar to 
that suggested by Volk (6) for the conversion of L-arabinose to p- 
arabinose-5-P. Among the other possibilities which also must be 
considered is an extensive series of oxidations and reductions 
with subsequent inversion of configuration upon reduction, or a 
mechanism of multiple isomerizations. 


SUMMARY 


Experiments designed to elucidate the mechanism of the for- 
mation of N-methyl-L-glucosamine from p-glucose have been 
performed with p-glucose-1-C™“ and p-glucose-6-C%. A method 
for the isolation of the methyl glucosamine from streptomycin 
produced by growing cultures of Streptomyces griseus is described 
as is a procedure for the degradation of this amino sugar, per- 
mitting the determination of the distribution of radioactivity 
among the individual carbon atoms. 

The data show that the major portion of the radioactivity in- 
corporated into the carbon chain of the amino sugar was in car- 
bon 1 when p-glucose-1-C was used and in carbon 6 when p- 
glucose-6-C™ was used. The significance of these data is dis- 
cussed in relation to the possible mechanisms for the metabolic 
conversion of p-glucose to N-methyl-L-glucosamine. 
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The study of the effect of oxygen on carbohydrate assimilation 
has been largely neglected although innumerable studies have 
been made concerning its effect on the catabolic reactions. Ob- 
viously, there is an interdependency among the assimilatory, 
glycolytic, and oxidative enzyme systems. Modifications in the 
oxidative metabolic pattern induced by changes in the oxygen 
tension may be reflected by changes in the assimilatory pattern 
as well as by changes in the glycolytic pattern as exemplified by 
the Pasteur effect. Several papers have appeared which have 
dealt directly or indirectly with the effect of oxygen on the as- 
similation of glucose by nonproliferating yeast cells. Meyerhof 
(1), in his extensive study of the effect of oxygen on alcoholic 
fermentation, observed that with pressed yeast, about 50% of 
the sugar that disappeared under aerobic conditions was not ac- 
counted for by the sum of the aerobic fermentation and oxida- 
tion, whereas under anaerobic conditions the discrepancy was 
about 25%. He assumed that the additional amount of sugar 
unaccounted for under aerobic conditions was indicative of 
an increased assimilation. Also, Winzler and Baumberger (2) 
found that under aerobic conditions there was a much greater 
discrepancy between the predicted and measured heat production 
than there was under anaerobic conditions, and they attributed 
this to an increased synthesis of cellular carbohydrate in the 
presence of oxygen. However, conflicting reports have appeared 
concerning the effect of aeration on the synthesis of cellular car- 
bohydrate, when direct measurements have been made. Neither 
Gottschalk (3) nor Stier (4) found a greater synthesis of cellular 
carbohydrate under aerobic conditions, but Fales (5) observed a 
significant increase. The lower recovery of catabolic products 
under aerobic conditions also may be partially explained by an 
increased fat synthesis. Stier (4) observed a considerable in- 
crease in the fat content of the cells under aerobic conditions 
whereas a negligible increase was observed under anaerobic con- 
ditions. Klein (6) has confirmed the synthesis of fat by non- 
proliferating yeast cells during aerobic metabolism, and a tracer 
study indicated that the fat was derived from the glucose. 

Early in the course of the present study, it was realized that 
the metabolic pattern of the yeast was considerably modified 
under different conditions of aeration. It is the puropse of this 
paper to report the results of a comparative study. In one sys- 
tem, air was rapidly bubbled through the suspension from a 
fritted glass base. The oxygen tension in this system was main- 
tained at about 150 mm of mercury. In the other system, the 
aeration was accomplished by shaking with the conventional 
Warburg apparatus with air as the gas phase. In the latter sys- 
tem, the oxygen tension fell to about 50 mm of mercury during 


* This work was supported by a grant from the National Sci- 
ence Foundation. 


the period of rapid oxygen consumption. The oxygen concen- 
tration in the shaker experiments was well above its limiting 
concentration at all times and the same maximal oxygen con- 
sumption rate was observed in both the shaker and bubbler ex- 
periments. The metabolic pattern was strikingly different un- 
der the two experimental conditions. Under the highly aerobic 
conditions of the bubbler, aerobic fermentation was strongly in- 
hibited, and the maximal increase in cellular carbohydrate was 
equivalent to 40% of the added sugar. This represents an in- 
crease in cellular carbohydrate synthesis of about 100% com- 
pared with the synthesis previously observed with this yeast 
under anaerobic conditions (7), and an increase of about 40% 
compared with the synthesis observed in the shaker experi- 
ments. In the shaker, there was a vigorous aerobic fermenta- 
tion and the increase in the fatty acid content of the cells was 
more than 100% in excess of the fatty acid synthesis observed in 
the bubbler experiments. The synthesis was equivalent to the 
conversion of 11% of the added sugar to fatty acids plus carbon 
dioxide, if it is assumed that two-thirds of the glucose carbons 
are converted to fatty acid with an obligatory formation of car- 
bon dioxide from one-third of the glucose carbons. The esti- 
mated total oxygen consumption in the bubbler was equivalent 
to the oxidation of about 30% of the added sugar whereas about 
43% of the sugar was oxidized in the shaker. It is evident that 
the changes induced by varying the mode of aeration represent 
major shifts in the metabolic pattern of the cells, with both the 
catabolic and anabolic reactions being strongly modified. 


EXPERIMENTAL 


Materials and Methods 


Fresh Fleischmann bakers’ yeast was used in all the experi- 
ments to be reported. The suspension was prepared as previ- 
ously described (5). The washed yeast was suspended in 0.1 m 
NaH2PQ, solution and the suspension was aerated for one hour 
before each experiment. The reactions were carried out in a 
constant temperature water bath at 30°. In the Warburg ex- 
periments, 2 ml of 1.25% yeast suspension were placed in each 
vessel and 0.5 ml of 1% glucose solution (0.1 m NaH2PO,) was 
placed in the side arms. The shaking speed was 120 complete 
strokes per minute and the gas phase was air. The vessels were 
of about 15-ml capacity. Oxygen consumption and carbon di- 
oxide production were determined by the direct Warburg method 
with the use of duplicate vessels containing base and duplicate 
vessels without added carbon dioxide absorbent. For the chem- 
ical determinations, either separate Warburg vessels were pro- 
vided for each analysis or the conditions in the Warburg vessels 
were simulated by adding 60 ml of yeast suspension and 15 ml of 
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Fig. 1. The aerobic metabolism of glucose (2.0 mg per ml) by a 
1% suspension of yeast cells: O——O, aerated by rapidly passing 
air through the suspension; @——@, aerated by Warburg shaker; 
broken line, anaerobic. The limiting concentration for glucose 
oxidation of this yeast was 1.6 X 10-3 m or 29 mg per 100 ml (see 
text). The values recorded for fatty acid and cellular carbohy- 
drate are the averages obtained with six separate experiments. 
In these experiments, the differences obtained between the shaker 
and bubbler were significant at all time intervals. The statistical 
probability of no difference for the 30-minute cellular carbohy- 
drate determinations was p< 0.02; for the 75-minute fatty acid 
determinations, p = 0.02; and for the other determinations, p < 
0.01. The values recorded for the carbon dioxide, oxygen, and 
extracellular carbohydrate were those obtained in single experi- 
ments with each point being the average of duplicate determina- 
tions. 


Oo 
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glucose solution to a 500-ml Erlenmeyer flask. When the Erlen- 
meyer flask was used, the shaking speed was diminished to 90 
strokes per minute since the oxygen tension was maintained at 
the level observed in the Warburg vessels at this shaking rate. 
A 200-ml chromatography tube with a fritted glass base was 
used as the reaction vessel in the experiments in which air was 
bubbled through the suspension. The air was brought to the 
temperature of the water bath and saturated with water before 
it entered the reaction vessel. Air was passed through the sus- 
pension at a rate of about 350 ml per minute. Yeast suspension 
and glucose solution were added in the volumes of 80 and 20 ml, 
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respectively. Measurements of the fluid volume indicated that 
there was no net evaporation or condensation during the course 
of the experiments. Also, there was no significant trapping of 
the cells in the fritted glass base since a constant cell count was 
observed. For each analysis, the bubbler and shaker experi- 
ments were carried out simultaneously with aliquots of the same 
yeast suspension and glucose solution. The oxygen consumption 
rate in the bubbler experiments was determined polarographically 
by the method of Baumberger (8). Aliquots of the suspension 
were transferred to the polarographic vessel for the measure- 
ments. 

The total cellular and extracellular carbohydrate were deter- 
mined by the anthrone method as previously described (5). The 
supernatant fluid was immediately separated from the cells by 
centrifugation. This immediate separation was found necessary 
because there was a gradual diffusion of trehalose from the cells 
after the reaction was stopped with HgCle. The total fatty acid 
content of the cells was determined by the method of Klein (6), 
Palmitic and oleic acids were utilized as the standards for the 
colorimetric assay method of Kibrick and Skupp (9). 


RESULTS 


The results of the experiments are shown in Fig. 1. There 
was a small increase in the glucose utilization rate in the bubbler 
over that observed in the shaker which is the reverse of what 
might be expected with an enhancement of the Pasteur effect. 
The glucose consumption rate in both instances was considerably 
slower than that observed under anaerobic conditions. 

The Warburg measurements are of some interest. After a 
10-minute lag period, a respiratory quotient (R.Q.) of 2 was ob- 
served for the following 35 minutes, indicating a vigorous aerobic 
fermentation. During the following 25-minute transition period, 
the R.Q. rapidly shifted to about 0.67 which is the theoretical 
R.Q. for ethanol catabolism. The phase of rapid ethanol catab- 
olism continued for 55 minutes. A complete cessation of glucose 
catabolism is not necessarily indicated by the R.Q. since there 
was a concomitant fat synthesis. The transition from glucose 
to alcohol catabolism was initiated considerably before the glu- 
cose concentration became limiting. A polarographic study of 
the oxygen consumption rate of the yeast as affected by the con- 
centration of ethanol, glucose, and pyruvate showed that the 
same maximal oxygen consumption rate was obtained with the 
three substrates, and indicated that at appropriate concentra- 
tions they were all capable of saturating the same limiting reac- 
tion of the yeast cells. However, the limiting concentrations 
(minimal concentrations giving maximal oxygen consumption 
rates) of the three substrates were markedly different, being 
3.5 X 10-‘ m for ethanol, 1.6 x 10-3 m for glucose, and 1.7 X 
10-2? m for pyruvate. Thus, it is not surprising that the alcohol 
successfully competed as a substrate before the glucose concen- 
tration became limiting. At the conclusion of the period of 
rapid alcohol oxidation, a second transitional period was observed 
during which the R.Q. increased. At 3 hours the R.Q. was close 
to unity, indicating that the principal substrate was reserve car- 
bohydrate. However, the total carbon dioxide production for 
the three hours was 13.7% in excess of the total oxygen consump- 
tion. This suggests that a portion of the alcohol initially formed 
was not oxidized to carbon dioxide and water, but was converted 
to other products. The fatty acid data are consistent with the 
hypothesis of a considerable conversion of alcohol to fat. There 
was a continued rapid fatty acid synthesis during the phase of al- 
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cohol oxidation, a period during which the rate of glycolysis was 
minimal. 

In contrast to the shaker experiments, no appreciable aerobic 
fermentation was evident in the bubbler experiments. No alco- 
hol or acetaldehyde could be found in the suspension fluid during 
the course of the reaction and only traces of these materials could 
be recovered from the effluent air. There was a rapid decrease 
in the oxygen consumption rate from the time the sugar became 
limiting in concentration, indicating that there was no apprecia- 
ble accumulation of intermediates that could be rapidly oxidized. 
Also, there was a marked reduction in the rate of fatty acid syn- 
thesis after the sugar became limiting in concentration. 


DISCUSSION 


The large differences in the metabolic pattern that were ob- 
served with the two modes of aeration were apparently induced 
by differences in the gas tensions in the two systems since it would 
appear that these were the only variables in the experimental 
conditions. The increased cellular carbohydrate synthesis to- 
gether with the decreased total oxygen consumption that was ob- 
served in the bubbler experiments, suggests a higher over-all 
efficiency of oxidative phosphorylation at the higher oxygen ten- 
sion. ‘This increased efficiency may not be due to a direct action 
of oxygen on the coupling of phosphorylation with oxidation. In 
the shaker experiments, the data suggest that the oxidation of 
alcohol accounted for about half of the total oxygen consumption, 
but in the bubbler experiments, oxidative fermentation was in- 
hibited. The over-all efficiency of oxidative phosphorylation 
may be decreased when alcohol is an intermediate because of the 
energy required for bringing the 2-carbon compound into the 
oxidative pathway. The energy requirements for cellular carbo- 
hydrate synthesis may be much higher than previously supposed. 
Leloir and Carbib (10) have presented evidence that UDP-glu- 
cose and hexose phosphate are precursors for trehalose synthesis 
in yeast. Also, UDP-glucose and hexose phosphate may be 
precursors for glycogen synthesis in yeast since there is evidence 
that this may be the case in mammalian tissue (11) and since 
Trevelyan et al. (12) have found that during fermentation the 
orthophosphate and glucose 1-phosphate levels are maintained 
in the cells at an unfavorable ratio for glycogen synthesis by the 
yeast phosphorylase reaction. Since there is a considerable gly- 
cogen synthesis during fermentation, the UDP-glucose pathway 
for glycogen synthesis is suggested. If UDP-glucose is indeed a 
precursor for cellular carbohydrate synthesis, energy is required 
for the reformation of the UDP-glucose as well as for the phos- 
phorylation of the sugar. This proposed requirement of addi- 
tional energy for cellular carbohydrate synthesis is helpful in 
explaining the effect of azide on alcoholic fermentation. At an 
appropriate azide concentration, the synthesis of cellular carbohy- 
drate is completely inhibited without reducing the fermentation 
rate (13). Spiegelman et al. (14) have presented evidence that 
azide uncouples fermentative phosphorylation. A mechanism 
for the azide inhibition is readily deduced with an energy-requir- 
ing step for the conversion of hexose phosphate to cellular carbo- 
hydrate. However, if there were no energy-requiring step, then 
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the inhibition of the synthesis by the uncoupling of phosphoryla- 
tion is not readily understandable since hexose phosphates are 
intermediates for both the synthesis and the fermentation and 
since the fermentation was not inhibited. It is of interest that 
in the present study, there was a greater synthesis of both tre- 
halose and glycogen in the bubbler than in the shaker experi- 
ments, and that the increased synthesis of the former was much 
more marked than that of the latter. 

Several hypotheses may be advanced for explaining the greater 
fat synthesis that was observed in the shaker. More of the re- 
quired reduced coenzyme may have been available for the fatty 
acid synthesis at the lower oxygen tension (15). Also, the data 
suggest that a portion of the alcohol, which accumulated in the 
shaker, acted as a precursor for fat synthesis. It is also possible 
that the higher carbon dioxide tension in the shaker stimulated 
fat synthesis (16, 17). 


SUMMARY 


A comparative study of the aerobic metabolism of glucose by 
nonproliferating yeast cells with the use of two different modes 
of aeration, has been carried out. In one instance, air was rap- 
idly bubbled through the suspension and in the other instance 
the aeration was accomplished with the Warburg shaker. Under 
the higher oxygen tension extant in the bubbler there was an in- 
hibition of aerobic fermentation, an increase in the synthesis of 
cellular carbohydrate, and a decrease in the synthesis of fat. 
Thus both the catabolic and anabolic reactions were strongly 
modified. 
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The unavailability of singly labeled fructose has been one of 
the drawbacks in studies on the metabolism of this sugar. Since 
several types of single carbon labeled glucose are commercially 
available, a good method for converting glucose to fructose would 
be of considerable benefit. A commonly used method for effect- 
ing this conversion involves the phosphorylation of glucose to 
glucose 6-phosphate employing hexokinase, isomerization of glu- 
cose 6-phosphate to fructose 6-phosphate and crystallization of 
the latter as the barium salt. Following removal of barium, fruc- 
tose 6-phosphate is hydrolyzed with a phosphatase, and the free 
sugar is then recovered and purified. The yields are low, and 
the procedure is rather difficult. 

In the method to be described, glucose is quantitatively re- 
duced to sorbitol, and this in turn is converted to fructose in one 
incubation with a coupled enzymatic reaction. The yield of 
fructose is 90% of theoretical in the enzymatic conversion step 
and 75% through the final purification. 

The following are the pertinent reactions in outline form. 


Glucose + NaBH, — sorbitol + borohydride oxidation products 
_ (sorbitol dehydrogenase) 


Sorbitol + DNP*t 
fructose + DPNH + Ht 


Pp te + DPNH + H+ lactic dehydrogenase | 
yruva 


lactate + DPN*t 
Net: Glucose + pyruvate —=— = fructose + lactate 


EXPERIMENTAL 


Materials 

Sodium pyruvate and DPN (95% based on 4 H,O) were pur- 
chased from the Sigma Chemical Company. Crystalline lactic 
dehydrogenase as purchased from the Sigma Chemical Company 
contained 25,200 units per mg of protein. A 0.5-ml sample of 
the suspension containing 11 mg of protein was centrifuged, and 
the crystals were dissolved with 2 ml of 0.1 M potassium phos- 
phate buffer, pH 8. The activity of this enzyme solution was 
checked by a spectrophotometric assay (1). 

Sorbitol dehydrogenase, renamed ketose reductase by Wil- 
liams-Ashman and Banks (2), was prepared from six rat livers 
by making preparation B as described by Blakley (3). The 
supernatant fluid from the chloroform-ethanol treatment was 
dialyzed three times successively against 2 liters of distilled water, 
30 minutes each time. It was then fractionated in the cold with 


* Aided by Research Grant A-1060 from the National Institutes 
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ammonium sulfate solution saturated at 4° and adjusted to pH 
7 with ammonia. Protein fractions precipitating between 0 to 
45%, 45 to 60%, and 60 to 70% saturation were collected by cen- 
trifugation. These were dissolved in 0.01 m phosphate, pH 7.8 
to give a final volume of approximately 15 ml, and each was dia- 
lyzed against one liter 0.001 m phosphate, pH 7.8, for 1.5 hours. 
Each fraction was tested for its sorbitol dehydrogenase activity 
according to Wolf (4). Williams-Ashman and Banks (2) used 
the fraction precipitating between 40 and 60% saturation with 
ammonium sulfate for further purification, but we found that 
most of the activity was present in the 60 to 70% saturation 
fraction. This fraction (150 units per mg of protein) had a 3- 
fold enrichment of activity per unit of protein over the original 
supernatant fluid. It was used without further purification and 
can be stored frozen for at least 9 months without loss of activity. 

Amberlite IR-120, 20 to 50 mesh, Rohm and Haas Company, 
was converted to the hydrogen form with 2 Nn H.SO, and then 
washed with distilled water until sulfate free. Duolite A-4, 
Chemical Process Company, Redwood City, California, was con- 
verted to the hydroxide form with 2 nN NaOH and washed with 
distilled water until the effluent was nearly neutral. Sodium boro- 
hydride, purity 98%, was obtained from Metal Hydrides Inc., 
Beverly, Massachusetts. Protein precipitating reagents were 0.3 
N Ba(OH):2 and ZnSO, (44.5 g of ZnSO,-7H2O per 500 ml of solu- 
tion). 


Method 


The method has been developed for the conversion of 36 mg of 
glucose. This amount dissolved in 2 ml was placed in a 100-ml 
round bottom flask adapted for use on the Rinco rotating vac- 
uum-type evaporator. It was treated with 36 mg sodium boro- 
hydride and allowed to stand 20 minutes at room temperature. 
Excess borohydride was then destroyed by adding 1.5 ml of 1 N 
HCl and heating the flask for 1 minute in a boiling bath to insure 
complete destruction. After cooling, a drop of brom cresol green 
indicator was added and the mixture adjusted to pH 4 with 1 N 
NaOH. The mixture was taken to dryness on the Rinco, and 
the salt treated four times with 10 ml of absolute methanol, each 
time evaporated to dryness, to remove borate as the methyl 
borate azeotrope. 

The remaining salts were dissolved with 4 ml of HO and the 
solution desalted by passing it through a double ion exchange 
column consisting of 4.5 cm* IR-120 layered over 6.5 cm? A-4 ina 
l-em diameter column. The flow rate was 1 ml per minute. 
Three successive washings, each with 4 ml of H.O, served to wash 
all the sorbitol from the column. The combined effluents were 
taken to dryness in the 100-ml Rinco flask, and the enzymatic 
conversion carried out in the same flask. 
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To the flask containing the sorbitol were added: 5.4 ml of H.O, 
1 ml of phosphate buffer (0.1 m, pH 8), 1 ml of DPN (0.005 m, 
pH 7), 1.1 ml of sodium pyruvate (0.2 m), 0.5 ml lactic dehydro- 
genase, 1 ml of sorbitol dehydrogenase (approximately 2,000 
units). This mixture was incubated for 150 minutes at 37°. It 
was deproteinized by adding 4 ml of Ba(OH): followed by 2.2 ml 
of ZnSO,, the balanced proportions of these reagents. After cen- 
trifuging sharply and collecting the supernatant fluid, the pre- 
cipitate was washed by resuspending it in an additional 5 ml of 
H.O, followed by 1 ml of Ba(OH): and 0.55 ml ZnSO,. This was 
centrifuged again, and the supernatant fluid added to the first. 
Fructose determinations were made on aliquots of the fluid (5) 
to ascertain the extent of the conversion. 

The solution was passed through a triple ion exchange column, 
4 cm? of IR-120 over 6 cm? of A-4 over 2 of IR-120. If some 
cation exchanger is not put in the bottom of the column, subse- 
quent paper chromatography of the sugars is erratic and often 
unsatisfactory. The column was washed with water as before 
to regain all sugar, and the combined effluents were taken to dry- 
ness. We did this in two stages; first in a 100-ml round bottom 
flask and then transfer of the residue with 5 ml of H.O to a pear- 
shaped flask. This in turn was concentrated to a drop of syrup 
in the tip of the flask. 

The syrup was dissolved with 0.15 ml of H.O and 0.01-ml ali- 
quots were spotted on washed Whatman 3 MM paper sheets to 
separate the fructose from the unreacted sorbitol.! It was neces- 
sary to spot the syrup; if it was streaked on the paper, the com- 
ponents did not separate well. Descending chromatography was 
carried out at 37° using the upper layer of an ethanol 5, n-butanol 
45, H.O 50 mixture, equilibrated at 30° and separated from the 
aqueous layer.2 Adequate separation was achieved in 36 to 48 
hours, the rate of migration of the fructose being 5.3 mm per hour 
as compared to 3.6 mm for sorbitol. The sheets were allowed to 
air dry until no trace of butanol remained, and the components 
were located by cutting strips from each side of the sheet and 
spraying them with the indicator of Bradfield and Flood (6).' 
The corresponding area on the main sheet was cut out, set up as 
for descending chromatography with a double 3 MM leader in a 
tray of distilled water, thereby eluting the fructose. It was nec- 
essary to carry this out in a humidified atmosphere. The sugar 
was completely removed by collecting 0.05 ml per cm? of paper 
strip. It was concentrated to the desired volume and used as 
such in various experiments. 

As an alternative to the paper chromatographic separation of 
fructose and sorbitol, they may also be separated by ion exchange 
chromatography of their borate complexes, according to certain 
general procedures (7, 8). However, we found the methods to 
be highly empirical, and the conditions necessary to achieve a 
separation may have to be redetermined for each batch of resin. 
A mixture consisting of 40 uwmoles sorbitol and 160 umoles fruc- 


1 It is permissible to have as much as 15ymoles of sugar or polyol 
per l-em spot. Such amounts migrated at the same rate and with 
no more spreading than did smaller samples. 

2 If the solvent mixture is saturated with water at 37° and the 
temperature should fall slightly during chromatography, some 
water may separate from the mixture in the tray and cause streak- 
ing of the spots. 

3 Although the polyols usually stand out as yellow spots on a 
light blue background, the contrast can be sharpened by holding 
the papers momentarily in an atmosphere containing some am- 
monia. 


J. A. Muniz and R. E. Carroll 
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FRUCTOSE FORMED (mole) 
S 


0 40 80 120 160 
MINUTES AT 37° 


Fig. 1. The enzymatic conversion of the borohydride reduction 
product to fructose. The incubation mixture was the same as 
that described under ‘‘Method.’”’ Aliquots (0.25 ml) were re- 
moved at the time intervals shown, deproteinized by adding 1.0 
ml of Ba(OH): followed by 0.55 ml of ZnSQ,, making the volume 
to 10 ml, and analyzing 2-ml aliquots for fructose (5). 


TABLE I 


Characterization of product of sorbitol dehydrogenase 
reaction and comparison with authentic sugars 


Sorbitol 
dehydrogenase p-Fructose L-Sorbose 
product 
Heating time 5 min 5 min does not form 
for appear- 
ance of osa- 
zone at 100° 
Crystallization | yellow crystals | yellow crystals | yellow amor- 
of osazone in phous pre- 
ice bath cipitate 
Melting point 203 to 204° 203 to 204° 145 to 160° 
of osazone 
(uncorrected) 
Fermentability | complete complete none 
with bakers’ 
yeast 
Oxidation in 1 | arabonate | arabonate 
Nn KOH in formed formed 
oxygen 


tose in 10 ml of 0.008 m K2B,0; was put on 2-ml of Dowex 1 resin 
(200 to 400 mesh, borate form). The column was then washed 
with 50 ml of 0.005 m K2B,0; and elution carried out with 0.012 
M K.B,O; at a flow rate of 1 ml per minute. Fructose was eluted 
in a broad band between 170 and 800 ml with the peak at 480 
ml. Sorbitol appeared in the fraction between 630 and 1100 ml 
with its peak at 850 ml. Approximately 150 umoles of fructose 
were eluted free of sorbitol. It may be possible to achieve more 
quantitative separation of fructose and sorbitol by increasing the 
amount of resin. Fructose was recovered from the eluate by 
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passing the latter through Amberlite 120 (H-form), taking the 
effluent mixture of fructose and boric acid to dryness and then 
removing the boric acid by repeated distillations with methanol. 


RESULTS AND DISCUSSION 


It was first ascertained that the borohydride reduction of glu- 
cose to sorbitol was complete and in agreement with Abdel-Akher 
et al. (9) no reducing sugar could be detected after 15 minutes re- 
action time. Since the maximum yield of fructose in the subse- 
quent enzymatic reaction was around 90% of theoretical, there 
was a possibility that some sorbitol was retained on the resin 
column during the desalting treatment. However, carbon deter- 
minations (10) on aliquots of the effluent showed that the recov- 
ery of sorbitol was complete. 

A number of experiments have shown that the conversion of 
sorbitol to fructose is not quite complete. <A typical experiment 
is shown in Fig. 1. Attempts to increase the fructose yield by 
increasing the pyruvate/sorbitol ratio were unsuccessful, in fact 
slightly lower yields were obtained when the ratio exceeded 2:1. 

It was necessary to establish that the ketose formed in this re- 
action was solely fructose. If the sorbitol dehydrogenase at- 
tacked indiscriminately either end of the sorbitol molecule, L- 
sorbose as well as p-fructose would be formed. Cummins et al: 
(11) have shown that an extract prepared from Acetobacter sub- 
oxydans catalyzed the conversion of sorbitol to fructose when 
DPN was added, however sorbose was formed when TPN was 
added. 

We have characterized the product of the sorbitol dehydrogen- 
ase reaction by formation and characterization of the osazone, 
testing its fermentability by yeast and demonstrating that ara- 
bonic acid is formed by alkaline oxidation (12). The results of 
these tests are summarized in Table I. They are in agreement 
with those obtained by Blakley (3), and as he had shown, al- 
though the sole product of sorbitol oxidation is fructose, the en- 
zyme will catalyze the reduction of L-sorbose in the presence of 
DPNH. In this case the product is L-iditol. 

It was also necessary to establish that in the conversion of car- 
bon-labeled glucose to fructose no change in the position of the 
label occurs. This was done by employing the alkaline oxidation 
procedure (12) on single-labeled fructose prepared from single- 
labeled glucose. Potassium arabonate derived from fructose-6- 
C™ had the same specific activity as the fructose from which it 
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was made. This would exclude randomization between C-6 and 
C-1 since in the oxidation to arabonate, C-1 is oxidized to for- 
mate, and any shift of label from C-6 to C-1 in the course of fruc- 
tose formation would diminish the specific activity of C-6. 

Application of this same oxidation to fructose-1-C™ gave potas- 
sium arabonate with virtually no radioactivity. After the sec- 
ond recrystallization the arabonate had 0.8% of the specific ac- 
tivity of the parent fructose and a constant specific activity had 
not yet been achieved. This means that in preparing fructose-1- 
C™ from glucose-1-C™ there is no significant randomization of 
label to positions 2, 3, 4, 5, and 6. 


SUMMARY 


A method for converting glucose to fructose is described. It 
involves chemical reduction of glucose to sorbitol and oxidation 
of the sorbitol to fructose in a coupled enzyme reaction. Fruc- 
tose is formed in 90% yield in the enzymatic reaction. In con- 
verting single-carbon labeled glucose to the corresponding fruc- 
tose no significant randomization of label occurs. 


Acknowledgment—The technical assistance of Mrs. Barbara 
McGan is gratefully acknowledged. 
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One of the unique characteristics of polymorphonuclear leuko- 
cytes from normal subjects is their high rate of aerobic and an- 
aerobic glycolysis with accumulation of lactic acid (1, 2). Inter- 
mediates and enzymes of the Embden-Meyerhof scheme have 
been isolated and identified (3-5) and Beck (6) has calculated 
the Vmax of a number of these enzymes. The results indicate 
the hexokinase to be the chief rate-limiting enzyme in human 
normal, chronic lymphocytic, and chronic myelocytic leukocyte 
homogenates. There are indications for an intact Krebs cycle 
in the human polymorphonuclear leukocyte (2, 7), even though 
the ratio of respiration to glycolysis has been found to be ex- 
ceedingly low (8). In addition, the operation of the phospho- 
gluconate oxidation pathway has been demonstrated by Coxon 
and Robinson (9) in white cells isolated from the peripheral blood 
of cats, rabbits, and dogs. Beck (10) in a further study has 
isolated and characterized certain enzymes of this oxidative path- 
way and has estimated about 3% of catabolized glucose to trav- 
erse this route in normal human leukocytes. 

The present study attempts to assess the role of the various 
carbohydrate pathways in the overall metabolism of the white 
blood cell. C'4-labeled acetates, pyruvates, lactate, and glycerol 
have been incubated in vitro with rabbit polymorphonuclear 
leukocytes. The glycogen of the cells and the lactate of the 
medium were isolated, purified and the C* distribution pattern 
determined by degradation. A preliminary report of this work 
has been presented (11). 

EXPERIMENTAL 
Materials 

Leukocytes—Male rabbits weighing 3.5 to 4.5 kg were given 
intraperitoneal injections of 200 ml of 7.2% sterile caseinate solu- 
tion. Sixteen hours later, 500 ml of pH 7.4 isotonic phosphate 
buffer were injected into the peritoneal cavity. The exudate 
(97 + 1% polymorphonuclear leukocytes and 3 + 1% lympho- 
cytes) was removed through a 15 gauge needle and collected in 
250-ml siliconized centrifuge cups. After light centrifugation, 
the cells were washed with phosphate buffer, recentrifuged and 
suspended in Hank’s medium buffered at pH 7.4. Cell counts 


were obtained with the use of an AO Spencer Hemacytometer. 
Serum—Two weeks before the administration of the caseinate 


* This investigation was supported by Research Grant C-3923 
and C4-1678-C6 from the National Cancer Institute, National In- 
stitutes of Health, United States Public Health Service. The C' 
was obtained on allocation from the Atomic Energy Commission. 


solution, blood was obtained by cardiac puncture from the rabbit 
donating the leukocytes. After defibrination, the cellular ele- 
ments and the fibrin clot were removed by centrifugation in the 
cold and the pH of the serum adjusted to 7.4 with 1 N HCl. 

Radioactive Materials—Sodium acetate-1- and -2-C™ and zinc 
lactate-2-C were obtained from Volk Radiochemical Company. 
Sodium pyruvate-l-, -2-, and -3-C'* were purchased from Nu- 
clear-Chicago Corporation. Glycerol-1(3)-C™ (pL-glycerol-1- 
C') was a product of Research Specialties. 


Methods 


Incubations—Four series of experiments were carried out in sil- 
iconized Erlenmeyer flasks equipped with single side arms. The 
main compartment contained 2.0 < 10° polymorphonuclear leu- 
kocytes suspended in 10 ml of the donor rabbit’s serum and 5 
ml of Hank’s buffer containing 0.22 mmoles of nonlabeled glu- 
cose. C' substrates were each dissolved in 1 ml of Hank’s 
buffer and placed in the side arms. The vessels were fitted with 
serum caps and flushed with a gas mixture of 95% 02:-5% COx. 
The contents of the side arms were tipped into the main compart- 
ments of the vessels and the mixtures were incubated at 37° 
with shaking. After 4 hours of incubation, 2 ml of 0.2 n H.SO, 
were added, and the cells were centrifuged and washed with 
Hank’s buffer in the cold (Q-4°). The medium was saved for 
lactic acid isolation. 

Isolation and Degradation of Glucose from Glycogen—Glycogen — 
was isolated from the cells and hydrolyzed to glucose in 1 nN HSO, 
(12). The resulting solution was heated with Norit, filtered, and 
the clear effluent neutralized by passage through Duolite A 4 
(OH-). Glucose was analyzed by the Somogyi (13) and an- 
throne procedures (14). The purity of the glucose solutions was 
determined by paper chromatography in four different solvent 
systems: (a) 80% aqueous phenol, (b) n-butanol-ethanol-water 
(52:32:16), (c) collidine saturated with water, and (d) n-butanol 
saturated with water. Duplicate paper strips were sprayed for 
reducing sugars with aniline-phthalate according to Partridge 
(15) and for nonreducing sugars with silver nitrate and sodium 
hydroxide according to Trevelyan et al. (16). In each case only 
one spot corresponding to glucose was obtained. 

An aliquot of the purified glucose was oxidized to carbon di- 
oxide by the method of Van Slyke and Folch (17) and the remain- 
der was degraded by fermentation with Leuconostoc mesenteroides 
according to the procedure of Bernstein and Wood (18). In this 
degradation C-1 of glucose is obtained as COz, C-2 and C-3 as 
ethanol, and C-4, C-5, and C-6 as lactic acid. Ethanol was ox- 
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TABLE I 
Incorporation of C4 into glycogen and lactate of rabbit 
polymorphonuclear leukocytes* after incubation with 
labeled acetate, pyruvate, lactate, and glycerol 


Glyco- ci“ |Lactate 
Labeled substrates gen incorporation | pro- ration 
£5 jisolated | into glycogen | duced | into 
lactate 
=| % mg % 
a 
1 | Acetate-1-C" 35.5/7.4; 15.2 | 1X 10-% | 14.8 0.4 
Acetate-2-C4 35.5/7.4) 138.5 | 2x 107% | 13.9 2.4 
2 | Pyruvate-1-C' 12.5/4.0| 7.1 | 3X 107% | 18.4 | 39.4 
Pyruvate-2-C"* 10.3 | 4X 107% | 16.3 | 26.0 
Pyruvate-3-C“ |12.5/4.0) 8.5 | 5X 10-* | 17.6 | 34.8 
3 | Lactate-2-C™ 15.7|2.4| 11.0 | 2X 10-3 | 17.3 | 29.7 
4 | Glycerol-1(3)-C™% 9.1/2.4) 11.2 2.8 17.8 | 3.5 


*2 x 10° cells were used in each incubation. See text for de- 
tails. 


TaBLeE II 
Distribution of C\4 in lactate produced by rabbit polymorphonuclear 
leukocytes incubated with labeled acetate, pyruvate, lactate, and 


glycerol 
Radioactivity in 
Labeled substrate ten, 
|degradation 
C-1 C-2 | C-3 
% % | % % 
1 Acetate-1-C™ 100 0; O 104 
Acetate-2-C'# 15 | 42 | 43 100 
2 Pyruvate-1-C'4 100 0; 0 95 
Pyruvate-2-C'4 0/100; O 101 
Pyruvate-3-C'4 0 1 | 99 93 
3 Lactate-2-C™ 0; 100); O 98 
4 Glycerol-1(3)-C'4 49 1 | 50 100 


idized to acetic acid with dichromate. Lactic acid was purified 
by chromatography on Celite and degraded to carbon dioxide 
and acetaldehyde with permanganate. Acetaldehyde was 
trapped as the bisulfite complex and subsequently oxidized to 
acetic acid with dichromate. The acetic acid was steam dis- 
tilled from the oxidation mixture and subjected to a Schmidt 
degradation (19) with sodium azide, yielding carbon dioxide and 
methylamine. A wet combustion (17) converted the methyl- 
amine to carbon dioxide. 

Isolation and Purification of Lactate—A ZnSO,-Ba(OH). fil- 
trate of the medium was prepared and an aliquot was analyzed 
for lactic acid by the Barker Summerson method (20). One 
millimole of lactic acid was added to the remaining filtrate and 
the mixture was ether extracted. After titrating the acids to 
phenolphthalein end point the ether was evaporated and the 
salts were chromatographed on a Dowex 1-formate column (21). 
The eluted lactic acid was further purified by chromatography 
on an acid Celite column (22). <A portion of the purified Jactic 
acid was oxidized to CO, by the method of Van Slyke and Folch 
(17) and the remainder was degraded carbon by carbon as de- 
scribed above. 

The radioactivity determinations of the samples from the glu- 
cose degradation were carried oe by gas phase counting (23). 
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Carbon dioxide obtained from the degradations of lactic acid was 
converted to barium carbonate and its isotope content measured 
with a windowless gas flow counter. Equivalence between the 
two counters was obtained by employing a conversion factor. 


RESULTS 


The percentage incorporation of C' into glycogen and lactic 
acid from the substrates under study is shown in Table I. Only 
one to five thousandth of a % of the initial radioactivity in la- 
beled acetates, pyruvates, and lactate entered leukocyte gly- 
cogen. Glycine, serine, formate, and formaldehyde were even 
less adequate as precursors of glycogen. Incubation of as much 
as 100 we of these compounds with rabbit polymorphonuclear 
leukocytes has yielded no detectable radioactivity in the iso- 
lated polysaccharide. In contrast to the above mentioned sub- 
strates, C'4-glycerol produced an appreciable labeling of the white 
cell glycogen. Lactate from these experiments had, with the 
exception of the glycerol experiment, a considerably higher con- 
centration of C'* than the corresponding glycogen samples. 
With glycerol-1(3)-C™, the glycogen of the cell and the lactate 
in the medium had about the same total counts. 

The distribution pattern of C™ in the lactate carbon atoms is 
presented in Table II. With acetate-1-C™ as the labeled sub- 
strate all the C™ was recovered in the carboxy] group of the lac- 
tate. Acetate-2-C™ gave rise to lactate with about equal distri- 
bution of C'™ in the @ and 6 carbons and each of these were in 
turn more highly labeled than the carboxyl carbon atom. Lac- 
tate isolated from experiments with C'-labeled pyruvates, 
lactate, and glycerol had essentially all the activity in the position 
corresponding to that of the original C™ tagged substrate. 

Although a very small percentage of the original acetate, pyru- 
vate, and lactate radioactivity appeared in leukocyte glycogen, 
there was sufficient C™ for accurate determinations. The reli- 
ability of the degradation procedure was demonstrated by good 
agreement between the sum of the activities of the individual 
carbon atoms as obtained by degradation and that of the original 
hexoses. The degradation data are shown in Table III. With 
all of the labeled substrates used, 86% to 94% of the hexose C™ 
activity was located in the C-4, 5, and 6 unit. Acetate-1-C" 
labeled C-4 predominantly, whereas acetate-2-C' was preferen- 
tially incorporated into the C-4, C-5, and C-6 of the glucose in 
the approximate ratio of 50:100:100. Pyruvate-1-, -2-, and -3- 
C™ produced glucoses with a preponderance. of activity in C-4, 
C-5, and C-6 atoms, respectively. Lactate-2-C' predominantly 
labeled C-5 of the hexose molecule, whereas glycerol-1(3)-C" 
produced glucose with essentially all the activity being equally 
distributed between the C-4 and C-6 positions. 


DISCUSSION 


Two interesting features in the metabolism of the polymor- 
phonuclear leukocytes have emerged from this study. The first 
is the direct incorporation of a 3-carbon unit into the glucose of 
glycogen and the second is the asymmetrical distribution of C™ 
in the hexose unit. 

The lack of significant C randomization in the lactate isolated 
from the medium (Table II) as well as in the C-4, 5, and 6 units 
of the hexose (Table III) points to a direct route for the metabo- 
lism of pyruvate and lactate in polymorphonuclear leukocytes. 
Topper and Hastings (24), Lorber et al. (25), and Landau et al. 
(26) in studies on rabbit and rat liver have shown that in the 
conversion of lactate-2-C™ or pyruvate-2-C"™ to hexose nearly as 
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much C appears in position 6 as in 5. Their results are in ac- 
cord with the operation of the dicarboxylic acid shuttle, whereby 
pyruvate is reductively carboxylated to malate (27), as shown in 
Fig. 1. After equilibration with the symmetrical fumarate, mal- 
ate is oxidized to oxaloacetate which in turn gives rise to phos- 
phoenol pyruvate by the Utter-Kurahashi reaction (28). In 
our experiments, the lack of randomization of C™ in C-5 and C-6 
resembles the distribution pattern observed by Hiatt et al. (29), 
in the glycogen of rat diaphragm. The probable explanation of 
these results is direct phosphorylation of pyruvate to phos- 
phoenol pyruvate by way of a reversal of the pyruvic kinase 
reaction (30), although other explanations are also possible. 

The distribution pattern of C™ in C-4, 5, and 6 which we ob- 
served is similar to that found by Lifson et al. (31) in the liver 
glycogen of fasted rats; in that with acetate-1-C™ the C™ is 
largely in C-4 and with acetate-2-C™ it is equal in C-5 and C-6 
and is greater than in C-4 (Table III). These data and the la- 
beling pattern obtained in the lactate (Table II) are consistent 
with the utilization of acetate in the polymorphonuclear leuko- 
cytes by way of the tricarboxylic acid cycle (Fig. 1). 

C'4-glycerol, in contrast to labeled acetate, pyruvate, and lac- 
tate, contributes an appreciable percentage of its radioactivity 
to glycogen (Table I). Glycerol may enter the sequence of gly- 
colytic reactions by phosphorylation to glycerol phosphate and 
then dehydrogenation to dihydroxy acetone phosphate. Triose 
phosphate isomerase placed C"™ label into glyceraldehyde 3-phos- 
phate. Since these steps do not involve pyruvic kinase or other 
major thermodynamic barriers, an appreciable conversion of 
glycerol to glycogen is attained. 

Perhaps the most unusual feature of the results in Table III 
is the high asymmetrical labeling of the six carbons of the glucose 
chain. In the Embden-Meyerhof scheme the C-1, C-2, and C-3 
of the hexose are from dihydroxyacetone phosphate, whereas the 
C-4, C-5, and C-6 arises from glyceraldehyde 3-phosphate. 
Equilibration of the two trioses by triose phosphate isomerase 
and their combination by aldolase should yield a symmetrical 
hexose with equivalence between C-3 and C-4, C-2 and C-5, and 
C-1 and C-6 (24, 31, 32, 33). Asymmetrical distribution in the 
galactose of milk lactose has been demonstrated by Wood e¢ al. 
(34) in studies with the perfused cow’s udder. With acetate-1- 
C" or propionate-1-C'4, C-4 of the galactose moiety contained 3 
times as much C"™ as the C-3. In later studies Wood et al. (35) 
with the use of the intact cow, found that glycerol-1(3)-C™ 
likewise predominantly labeled C-4 and C-6 of the galactose. 
The transaldolase exchange reaction was proposed to account 
for the observed labeling pattern. In a further confirmation of 
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Fig. 1. Possible pathways for the incorporation of C' into 
glycogen from labeled acetate, pyruvate, and lactate. 
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TaBLeE III 
Distribution of C in glucose of glycogen isolated from rabbit 
polymorphonuclear leukocytes incubated with labeled 
acetate, pyruvate, lactate, and glycerol 


Radioactivity in glucose of 
Experi- glycogen carbon atoms 
%i % 

1 Acetate-1-C" 3 3* 86 4) 4 99 
Acetate-2-C' 1; | 38 | 39 95 

2 Pyruvate-1-C'4 3} 3 92 
Pyruvate-2-C' 2; 6/3] O} 87| 2 94 
Pyruvate-3-C'4 2} 5/2] 88 93 

3 Lactate-2-C™ 0;13;1); 3|75; 8| 105 
4 Glycerol-1(3)-C 46; 48 99 


* C-2 and C-3 were not individually separated for this experi- 
ment. 


| a 
HOCH TRANSAL DOL ASE 

HCOH < HOon cHO 

| | 
HOE on HCOH HO on HCOH 

C,0P0,H, CH, 0P0,H, C +,0°0,H, CH,OPO,H, 
O-GLYCER- 0-FRUCTOSE- D-FRUCTOSE- 0-GLYCER- 
ALDEHYDE- 6-PHOSPHATE G.PHOSPHATE ALDEHYDE - 
3- PHOSPHATE (c*) 3 - PHOSPHATE 


Fig. 2. Transaldolase exchange mechanism. Bold face carbon 
(C) indicates C' labeled atom. 
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the role of the transaldolase reaction in these exchange mech- 
anisms, Wood et al. (36) prepared glyceraldehyde 3phosphate-1- 
C™ from phosphoglyceric acid-1-C™ and incubated it with 
fructose 6-phosphate and purified transaldolase. A rapid and 
exclusive labeling in C-4 of fructose 6-phosphate was obtained 
under these conditions. Srinivasan et al. (37) with the use 
of C™ labeled glucose have also implicated the role of the 
above exchange mechanism in the biosynthesis of shikimic acid 
in Escherichia coli. 

The high asymmetric labeling of glucose isolated from poly- 
morphonuclear leukocytes (Table III) in these experiments may 
also be explained on the basis of the transaldolase exchange re- 
action. Thus by exchanging carbons 4, 5, and 6 of low activity 
fructose 6-phosphate with high activity glyceraldehyde 3-phos- 
phate formed from C'*-labeled acetates, pyruvates, lactate, or 
glycerol a hexose with a higher activity in C-4, 5, and 6 than in 
C-1, 2, and 3 is obtained as illustrated in Fig. 2. 

Rose (38) in tracer experiments with crystalline muscle aldo- 
lase has demonstrated an exchange between C-4, 5, and 6 of 
fructose 1,6-diphoshate and glyceraldehyde 3-phosphate. By 
exchanging low activity fructose 1,6-diphosphate with highly 
labeled glyceraldehyde 3-phosphate, a hexose diphosphate is pro- 
duced with a higher content of label in C-4, 5, and 6 than in C-1, 
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2, and 3. This aldolase exchange mechanism could presumably 
produce the observed asymmetric pattern of label in leukocytes; 
however, the participation of fructose diphosphatase is required 
for the conversion of C™ fructose 1 ,6-diphosphate to fructose 6- 
phosphate and hence to glycogen. In view of the very low fruc- 
tose diphosphatase activity in the rabbit polymorphonuclear 
leukocyte,! it is proposed that the transaldolase rather than the 
aldolase reaction may be the predominant exchange mechanism 
responsible for the observed asymmetric distribution of label in 
the polymorphonuclear leukocyte. 

No attempt has been made to demonstrate net synthesis of 
glycogen from the two and three carbon substrates used in these 
experiments. The C" activity found in glycogen may be a con- 
sequence of at least two exchange mechanisms, viz. pyruvic kinase 
and transaldolase, operating in leukocyte metabolism. 


SUMMARY 


Polymorphonuclear leukocytes, obtained from rabbits by peri- 
toneal irritation were incubated with C labeled substrates in 
vitro. The lactate of the medium and the glycogen of the cells 
were isolated, purified and the distribution of label in each com- 
pound was determined by degradation. 

Acetate, pyruvate, and lactate are incorporated to a very small 
extent into leukocyte glycogen, but glycerol is incorporated to an 
appreciable extent. _ 

The degradation data suggest that the Krebs cycle is involved 
in the incorporation of acetate carbon into glycogen. The C"* 
of pyruvate and lactate is not randomized extensively during 
the conversion to glycogen and could follow a direct path. This 
may involve a reversal of the pyruvic kinase reaction. The high 
incorporation of glycerol into glycogen is due to its introduction 
at the triose phosphate level. 

With all substrates studied, most of the C™ activity (86 to 
94%) was incorporated into C-4, 5, and 6 of the hexose unit of 
glycogen. The highly asymmetrical distribution of label is ex- 
plained by the transaldolase exchange mechanism. 

The C* activity incorporated into glycogen from labeled ace- 
tate, pyruvate, lactate, and glycerol may not necessarily indicate 
net synthesis, but rather may be a consequence of exchange 
mechanisms, viz. pyruvic kinase and transaldolase, operating in 
leukocyte metabolism. 
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Studies in vivo on the biosynthesis of p-glucosamine, with the 
use of specifically labeled glucose in the rat (1, 2) and in group A 
streptococci (3-5) showed that the glucose carbon chain was pre- 
served during its conversion to the hexosamine. Leloir and Car- 
dini (6, 7) noted that extracts obtained from Neurospora crassa 
converted glutamine and hexose phosphate to glutamic acid and 
a product tentatively characterized as glucosamine 6-phosphate. 
Owing to the presence of phosphoglucoisomerase in the extract, 
it was not known whether glucose 6-phosphate or fructose 6-phos- 
phate was the acceptor of the amido group of glutamine. A 
preliminary report (8) indicated that such extracts could be 
fractionated to remove isomerase and that glucosamine 6-phos- 
phate synthesis occurred with fructose 6-phosphate but not with 
glucose 6-phosphate. Satisfactory stoichiometry studies were 
not possible with these preparations due to their lability and to 
the considerable activity of contaminating glutaminase. Subse- 
quent work in this laboratory was performed with extracts ob- 
tained from bacteria and from rat liver (9). 

Studies on the rat liver enzyme were first reported by Pogell 
and Gryder (10), who obtained activity with both hexose phos- 
phates. On the basis of relative activity studies and stability 
experiments, they concluded that glucose 6-phosphate and not 
fructose 6-phosphate was the active substrate in the reaction 
with glutamine. 

The present paper gives the purification procedures and prop- 
erties of the enzymes from N. crassa, Escherichia coli, and rat 
liver. As previously noted (9) each of the preparations was 
found to be specific for fructose 6-phosphate. Leloir (6, 7) sug- 
gested that the enzyme be named transamidase when its hexose 
phosphate specificity was unknown. In view of the present re- 
sults, we suggest that the enzyme be called L-glutamine-p-fruc- 
tose 6-phosphate transamidase. 


EXPERIMENTAL 


Materials—The hexosamines, their phosphate esters, and their 
N-acetyl derivatives were prepared as previously described (11- 
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13). The following were commercial products: glucose-6-P, man- 
nose-6-P, fructose-6-P, glutamine, glutamic acid, glucosamine 
HCl, Tris, EDTA,! TPN, protamine sulfate, polymyxin sulfate, 
Veronal. For some of the more critical studies, fructose-6-P was 
purified by ion exchange chromatography. Azaserine and DON 
were gifts from Dr. H. M. Crooks, Jr., Parke Davis and Com- 
pany. Potato phosphatase was prepared by an unpublished 
method of Dr. A. Kornberg. Calcium phosphate gel was pre- 
pared by the method of Singer and Kearney (14), and contained 
32 mg of solids per ml. 

A buffer mixture, hereafter called GPV, was routinely used 
during the purification of the E. coliand N.crassaenzymes. The 
mixture contained the following in umoles per ml: 150, potas- 
sium phosphate buffer, pH 7.0; 60, L-glutamine; 10, EDTA. 

Methods—Glucosamine-6-P was occasionally estimated by the 
acetylacetone method of Blix (15), but routinely by the pro- 
cedure given in detail below. Fructose-6-P was determined by 
the Roe method (16); protein was determined nephelometrically 
(17). 

Mixtures of hexose phosphate, particularly fructose-6-P, glu- 
tamine yield false positive colors in the acetylacetone procedure, 
especially in the presence of protein, salts, and others. Further- 
more, since fructose-6-P and glutamine yield more spurious color 
than glucose-6-P and glutamine, it is difficult to compare trans- 
amidase activity in the presence of the two hexose phosphates 
when phosphoglucoisomerase is present; heat-inactivated enzyme 
or “zero time” controls are not adequate blanks. For this rea- 
son, a procedure was devised for the estimation of glucosamine- 
6-P by a modification of the method of Morgan and Elson (18, 
19). Samples containing glucosamine-6-P (0.02 to 0.20 umole) 
in 0.80 ml of water were treated with 0.10 ml of saturated Na- 
HCO; solution and 0.10 ml of ice-cold, 5%, aqueous acetic an- 
hydride solution, in that order. After vigorous shaking, the 
tubes were maintained at room temperature for 3 minutes, heated 
in a boiling water bath for 3 minutes to destroy excess acetic 
anhydride, and cooled to room temperature. The samples were 
treated with 0.20 ml of 0.80 m sodium borate solution (adjusted 
to pH 9.0), mixed, and heated in a boiling water bath for 3 min- 
utes. After cooling, the samples were treated with 6.0 ml of 
Ehrlich’s reagent (1.0 g of p-dimethylaminobenzaldehyde added 
to 1.25 ml of 10 N HCl and then diluted to 100 ml with glacial 
acetic acid). Finally, the samples were incubated for 20 min- 
utes at 37°, cooled, the optical densities measured in a Beck- 

1The abbreviations used are: EDTA, disodium ethylenedia- 


minetetraacetate; DON, 6-diazo-5-oxo-L-norleucine; azaserine, O- 
diazoacetyl-L-serine. 
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man spectrophotometer at 585 mu, and compared with glucosa- 
mine standards treated in the same manner. With this modi- 
fication of the Morgan-Elson method, glucosamine-6-P yields 
approximately 85% of the optical density obtained with an equi- 
molar solution of glucosamine. 

Glutamine and glutamic acid were determined by a ninhydrin 
method after paper electrophoresis. Known volumes of sam- 
ples were applied to 1-inch strips of Whatman 3 MM paper and 
subjected to electrophoresis in the Spinco model R paper elec- 
trophoresis apparatus with 0.01 m citrate, 0.02 m phosphate 
buffer, pH 6.0, at 450 volts for 1 hour. After being dried at 
110° for 7 minutes, the paper strips were dipped in a solution 
containing 0.5% ninhydrin in acetone. After 8 hours at room 
temperature, the color densities were determined in a Spinco 
Analytrol Densitometer. The densities were proportional to 
concentrations of glutamic acid and glutamine between 0.025 
umole to 0.20 uymole. Under these conditions, glutamine, glu- 
tamic acid, glucosamine, and glucosamine-6-P are readily separa- 
ble. 

Enzyme Assay—The assay mixture routinely used for the en- 
zyme obtained from rat liver contained the following in ymoles 
per ml: 10, fructose-6-P; 12, L-glutamine; 50, potassium phos- 
phate buffer, pH 7.7; 1, EDTA; and protein to be assayed. Af- 
ter incubation at 37° for 30 minutes, the reaction was stopped 
by heating at 100° for 2 minutes, and an aliquot of the super- 
natant fluid was used for determination of glucosamine-6-P. 
Assay by the acetylacetone procedure yielded large and variable 
blanks, whereas assay by the acetic anhydride method gave 
blanks which showed less than 10% of the absorbancies obtained 
with active protein fractions. 

The fractions obtained from E. coli were assayed with the fol- 
lowing incubation mixtures (umoles per ml): 20, fructose-6-P; 
15, L-glutamine; 37.5, potassium phosphate buffer, pH 7.0; 2.5, 
EDTA; and protein. The remainder of the procedure was con- 
ducted as outlined above. 

Assay mixtures for the N. crassa enzyme contained the follow- 
ing in wmoles per ml: 20, fructose-6-P; 30, glutamine; 75, potas- 
sium phosphate buffer, pH 6.6; 5, EDTA; and protein. Incuba- 
tions and assays were performed as outlined above, except the 
period of incubation which was 60 minutes to increase the yield 
of product. 

In each case, 0.05 to 0.4 unit of enzyme was added per ml of 
incubation mixture. <A unit of enzyme is defined as the quantity 
that produced 1 umole of glucosamine-6-P per 30 minutes under 
the conditions of assay described above. Routine controls in the 
above assays included a complete, but nonincubated mixture, a 
mixture without substrate, and a mixture without enzyme. The 
product of enzyme action, glucosamine-6-P, yields less color on a 
molar basis than glucosamine by the method described above 
(12, 13); in routine fractionation procedures no correction was 
made for this difference. 

Growth of Microorganisms—E. coli B was grown either in a 
9-gallon fermenter or in 5-gallon carboys containing media of the 
following composition in g per liter: Na2HPQO,., 6.0; KH.PO,, 
3.0; NaCl, 5.0; NH4Cl, 2.0; MgSOx, 0.10; glucose, 8.0. The glu- 
cose and MgSO, were sterilized separately and added to the salt 
mixture. After growth at 33-34° for 18 hours, with vigorous 
aeration, the bacteria were harvested in a Sharples centrifuge, 
washed with 0.10 m KCl, and stored in the frozen state until 
ready for use. The cells could be stored for periods up to 2 
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months, but after this time the extractable activity declined 
rapidly. 

N. crassa was grown at temperatures ranging from 25 to 28° 
in Erlenmeyer flasks on a rotary shaker. Sucrose-minimal me- 
dium (20) was used in these studies under conditions previously 
described. After growth for 18 to 20 hours, the culture was 
filtered through cotton gauze, the mycelia washed with water, 
lyophilized, and stored at —18° in a vacuum in a desiccator. 
About 4 g of dried mycelia were obtained from 1 liter of the me- 
dium. 

Purification of Enzyme from E. coli—Unless otherwise indi- 
cated, all operations were conducted between 0 and 4° and cen- 
trifugations for 15 minutes at 20,000 x g. 

Step 1. The frozen E. coli cells (50 g) were ground in a chilled 
mortar with alumina (50 g; A-301, Aluminum Company of 
America) and the mixture was extracted with 125 ml of 0.15 m 
KC] solution containing 1 mg per ml of reduced glutathione. 
After centrifugation, the supernatant solution was collected, the 
residue further extracted with another 75 ml of KCl-glutathione 
solution, and the two supernatant fluids combined (crude ex- 
tract). 

Step 2. The crude extract, 180 ml, was treated with 75 ml 
of 2% polymyxin sulfate solution, which had been adjusted to 
pH 7.0 with dilute ammonium hydroxide. After being stirred 
for 10 minutes, the mixture was centrifuged, and the residue dis- 
carded. 

Step 3. DEAE-cellulose (Type 20; Brown and Company) was 
equilibrated with a solution containing 0.01 mM potassium phos- 
phate buffer, pH 7.0, and 0.02 m KCl. The cellulose suspension 
(160 ml containing 73 mg dry weight of cellulose per ml) was cen- 
trifuged, and the residue was stirred gently for 5 to 10 minutes 
with 240 ml of the polymyxin supernatant solution. Most of the 
enzyme was absorbed by the cellulose; the supernatant fluid was 
discarded after centrifugation. The cellulose residue was then 
washed and extracted by stirring with 200 ml portions of 0.008 
M potassium phosphate buffer, pH 7.0, containing KCl of increas- 
ing molarities; extractions were conducted for 5 minutes followed 
by centrifugation. The KCl concentrations were: 0.10 m, 0.15 
M, 0.20 m, and 0.50 m. The enzyme activity was found in the 
latter two fractions, which will be called cellulose eluates I and 
II. 

Step 4. Cellulose eluate I (180 ml) was treated with 14.4 ml 
of 2% protamine sulfate solution adjusted to pH 6.5. After 
stirring for 5 to 10 minutes, the precipitated protein was col- 
lected by centrifugation, washed once with 18 ml of a solution 
containing 0.015 m KCl and 0.008 m potassium phosphate buffer, 
pH 7.0, and the enzyme then extracted from the residue with 
19.8 ml of a solution containing 18 ml of 0.15 m pyrophosphate 
buffer, pH 6.7, plus 1.8 ml of GPV. The supernatant solution, 
containing the enzyme, was collected by centrifugation (pro- 
tamine eluate I). 

The supernatant liquid (194 ml) obtained after the addition of 
protamine to cellulose eluate I, was again treated with protamine 
sulfate solution (67 ml of a 2% solution), and the precipitate col- 
lected by centrifugation. The precipitate was washed with 20 
ml of a solution containing 0.008 m potassium phosphate buffer, 
pH 7.0, and 0.015 m KCI, and finally extracted with a mixture of 
5 ml of 0.15 m pyrophosphate buffer, pH 6.7, and 0.5 ml of GPV 
solution. After centrifugation, the supernatant solution was col- 
lected (protamine eluate IT). 
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Protamine precipitation of the enzyme followed by extraction 
removes phosphohexoisomerase. The pyrophosphate buffer is 
effective as an eluting agent, since it combines with protamine to 
form an insoluble precipitate. 

Purification of Enzyme from Rat Liver—All operations were 
conducted between 0 and 4°. Liver (30 g) obtained from ex- 
sanguinated adult rats was rapidly chilled by dropping into an 
ice cold solution (90 ml) containing 0.125 m KCl, 0.004 m EDTA, 
2 mg per ml mercaptoethanol, adjusted to pH 7.2. The liver 
was removed from the solution and ground thoroughly in a 
chilled mortar with approximately 11 g of glass beads (Super- 
brite pavement marking beads, 115 regular; Minnesota Mining 
and Manufacturing Company). ‘The above mixture was slowly 
added to the mortar and, after being ground, was centrifuged at 
18,000 x g for 1 hour. The supernatant liquid Fraction I (82 
ml) was treated with 2% polymyxin sulfate solution (18 ml; ad- 
justed to pH 7.0 with ammonia) and the precipitate formed on 
stirring was removed by centrifuging at 20,000 xX g for 10 min- 
utes. The supernatant solution (98 ml), was designated Frac- 
tion II. 

DEAE-cellulose (7.5 g dry weight) was equilibrated with a 
solution containing 0.02 m KCl and 0.01 m potassium phosphate 
buffer, pH 7.0. The mixture was filtered through cotton gauze, 
and the cellulose was added to 95 ml of Fraction II. After 
stirring the mixture gently for 10 minutes, the cellulose was sepa- 
rated from the liquid (Fraction III) by filtering through cotton 
gauze, and was then washed twice with 200 ml of solution con- 
taining 0.10 m KCl, and 0.010 m potassium phosphate buffer, pH 
7.0. The washings were discarded. 

The cellulose was suspended in 50 ml of solution containing 
0.20 m KCl, 25 mg of mercaptoethanol, and 0.010 m potassium 
phosphate buffer, pH 7.2, and the mixture stirred gently for 5 
minutes to elute the enzyme. After removing the cellulose by 
filtration through gauze, it was once again extracted with the 
KCl-mercaptoethanol-potassium phosphate solution. The elu- 
ates were combined and centrifuged to remove a small amount 
of suspended cellulose (Fraction IV, approximately 100 ml.). 

Fraction IV was then dialyzed for 2 hours with stirring against 
5 liters of solution containing 0.005 m potassium phosphate, 0.0005 
m EDTA, and 0.50 mg of mercaptoethanol per ml, pH adjusted 
to 7.2. Asmall precipitate, formed during dialysis, was removed 
by centrifugation. The yield of supernatant liquid (Fraction V) 
was approximately 100 ml. 

Calcium phosphate gel (0.3 mg on dry weight basis per mg 
protein in Fraction V) was added to Fraction V, stirred gently 
for 5 minutes, and centrifuged. The supernatant liquid (Frac- 
tion VI) was removed, and the gel washed twice with 5 ml of 
0.10 m phosphate buffer, pH 7.0, and finally eluted twice with 
2 ml of a mixture containing 0.30 mM potassium phosphate buffer, 
pH 7.2, 0.005 m EDTA, and 5 mg per ml of mercaptoethanol 
(Fraction VII). 

Fraction VII was dialyzed for 3 hours against 2 liters of 0.005 
M potassium phosphate buffer, 0.0005 m EDTA, 0.5 mg per ml of 
mercaptoethanol, pH adjusted to 7.2. After dialysis, a small 
precipitate was removed by centrifugation, and the supernatant 
liquid was retained (Fraction VIII). 

Owing to the instability of this enzyme, the entire procedure 
outlined above was conducted as rapidly as possible, generally 
taking approximately 9 hours. 

Purification of N. crassa Extract—All operations were per- 
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formed between 0 and 4°. Centrifugations were conducted at 
20,000 X g for 5 minutes with the exception of the calcium phos- 
phate gel steps which were performed for 3 minutes. 

The crude extract was prepared by treating 0.7 g of the lyoph- 
ilized mycelia with 20 ml of GPV buffer (see above) and about 
7 g of glass beads (described above) in a jacketed semimicro 
Waring Blendor. The fluid circulating around the Blendor was 
maintained at —2° and the homogenization was performed for 
3 minutes. Centrifugation yielded a slightly turbid, supernatant 
fluid, which was light orange in color (crude extract). 

The crude extract (12 ml) was treated with 4.6 ml of a 2% 
solution of protamine sulfate. After occasional stirring for 10 
minutes, centrifugation yielded a clear tan supernatant fluid 
(protamine supernate). 

Calcium phosphate gel (2.2 ml) was slowly added with stirring 
to 15 ml of the supernatant solution, and the mixture was stirred 
for an additional 10 minutes before centrifugation. The gel was 
then washed for 2 minutes with 10 ml of dilute GPV buffer (1 
part GPV, 3 parts water). After centrifugation, the supernatant 
fluid, which contained most of the phosphohexoisomerase, was 
discarded. The gel was again washed by suspension in 10 ml 
of dilute GPV buffer (1 part GPV, 1 part water), and then cen- 
trifuged. Finally, the enzyme was eluted by suspension of the 
gel in 15 ml of stock GPV buffer, followed by stirring for 10 
minutes before centrifugation. The supernatant fluid was 
treated as described below or was lyophilized to yield a white 
fluffy powder which could be stored at —18° ina vacuum. For 
further fractionation, the powder was dissolved in a volume of 
water equal to that removed by lyophilization; this fraction will 
be called calcium phosphate gel I. 

Ammonium sulfate solution, saturated at 2°, and adjusted to 
pH 6.3 with aqueous ammonia was added to the gel eluate ob- 
tained in the preceding step (volume for volume), and after 
stirring occasionally for 15 minutes, the mixture was centrifuged 
for 15 minutes. The precipitate was dissolved in 6 ml of dilute 
GPV buffer (1 part GPV, 9 parts water). 

The enzyme solution (5.0 ml) was treated with 0.7 ml of cal- 
cium phosphate gel, and the suspension centrifuged after stand- 
ing for 10 minutes. The gel was washed once with 10 ml of dilute 
GPV buffer (1 part GPV, 4 parts water), and the enzyme was 
eluted from the gel by resuspension in 5 ml of stock GPV buffer. 
The final supernatant fluid was colorless, and contained the most 
highly purified NV. crassa enzyme fraction (calcium phosphate gel — 
II). 

A summary of the data on the purification of the various en- 
zyme preparations is presented in Tables I, II, and III. 

Storage and Stability of Enzyme Preparations—Purified E. coli 
enzyme preparations were relatively stable in GPV buffer at 0° 
to 2° for periods up to 3 or 4 weeks. Freezing and thawing in- 
activated the enzyme; various techniques were tested to stabilize 
the preparation without success. 

The rat liver enzyme preparations were very unstable, there- 
fore requiring that studies with these preparations be conducted 
on the day they were made. When Fraction VII was stored in 
0.30 m phosphate buffer, pH 7.2, 0.005 m EDTA, and 5 mg per 
ml mercaptoethanol, it lost half of its activity in 24 hours and all 
the activity in about 48 hours either at 0° or at —18°. Neither 


glutamine, glucose-6-P, fructose-6-P, nor a variety of other sub- 
stances appeared to stabilize the enzyme preparations. 
The N. crassa enzyme preparations were even less stable than 
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TaBLeE 
Purification of enzyme from Escherichia coli 
Specific activity with* 
Fraction Total activity 
Fructose- | Glucose- 
6-P 6-P 
units units/mg | unit/mg 
195 0.13 0.13 
Polymyxin supernatant........... 189 0.46 0.46 
Cellulose eluate I................. 63 1.3 0.35 
Cellulose eluate II................ 88 1.3 
Protamine eluate I................ 29 4.5 0.00 
Protamine eluate II............... 16 7.3 0.00 
* Fractions which were inactive with fructose-6-P showed no 
activity with glucose-6-P. 
TABLE II 
Purification of enzyme from rat liver 
Specific activity with* 
Fraction Total activity 
Fructose- | Glucose- | Mannose- 
6-P 6-P 6-P 
units units/mg unit/mg unit/meg 
I 20.2 0.023 0.023 0.018 
II 20.2 0.032 0.032 0.019 
IV 11.4 0.44 0.00 0.040 
VII 5.4 4.7 0.00 0.00 
VIII 1.5 2.1 


* Fractions which were inactive with fructose-6-P showed no 
activity either with glucose-6-P or mannose-6-P. 


TaBLeE III 
Purification of enzyme from Neurospora crassa 
Specific activity with* 
Fraction Total activity 
Fructose-6-P | Glucose-6-P 

units units/mg unit /mg 

Crude extract................ 12.5 0.16 0.22 
Protamine supernatant....... 10.1 0.45 0.47 
Gel eluate II................. 2.4 2.05 0.00 


* Fractions which were inactive with fructose-6-P showed no 
activity with glucose-6-P. 


the rat liver preparations. Both the crude extracts and the pro- 
tamine supernatant solutions lost approximately 50% of their 
activities in 12 hours either at 2° or at —18°. The more purified 
preparations lost all activity at either temperature. Attempts 
to stabilize the activities in solution with a variety of substances 
were unsuccessful. The most stable preparation was the lyoph- 
ilized material obtained after calcium phosphate gel I step, which 
could be stored for about 1 week at —18° in a vacuum with rela- 
tively little loss in specific activity. 

All the preparations were irreversibly inactivated when ex- 
posed briefly to a solution of pH 5.5, or below. 

Neither the N. crassa nor rat liver enzymes were stable to di- 
alysis, losing from 70 to 75% of their activities when dialyzed for 
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2 to 3 hours against solutions containing EDTA, mercapto- 
ethanol, phosphate buffer, and so forth. The £. coli enzyme ex- 
hibited variable stability to dialysis, usually retaining full ac- 
tivity for 3 to 4 hours. These losses in activity on dialysis were 
not reversed by the addition of boiled extracts or possible co- 
factors. 

Effects of Enzyme Concentration, Time, pH, and Substrate Con- 
centration on Reaction Rates—lIn these studies, although adequate 
data were obtained with the rat liver and E. colt enzymes, the 
experimental results obtained with the N. crassa enzyme were 
not as satisfactory, probably owing to the instability of the latter 
material. This point is demonstrated in Fig. 1, which indicates 
that the rate of glucosamine formation with the N. crassa en- 
zyme, was linear for only 30 minutes when the temperature was 
maintained at 30°. As shown in Fig. 2, the purified E. coli and 
rat liver enzymes catalyzed the formation of glucosamine-6-P 
linearly with time. Owing to the nonlinearity of the curve ob- 
tained with the N. crassa enzyme, the kinetics are used only to 
approximate the K,, for fructose-6-P. 

The reaction velocity as a function of rat liver and E. coli en- 
zyme concentrations is shown in Fig. 3. 

The effect of pH on rat liver enzyme is shown in Fig. 4; the 
reaction proceeds at a maximum rate in phosphate, Veronal, and 
Tris-maleate buffers at pH 7.7, 7.7, and 7.9, respectively. Little 
activity of the rat liver enzyme was observed in Tris-maleate or 
Veronal buffers unless EDTA was added to the incubation mix- 
tures. The pH optimum for the E. coli enzyme in Tris-maleate 
buffer is 7.9 (Fig. 5). The pH optimum of the Neurospora en- 
zyme in phosphate buffer was found to be 6.7. 

The effects of substrate concentrations on the reaction veloci- 
ties are shown in Figs. 6 and 7; here again, adequate data could 
only be obtained with the E. colt and rat liver enzymes. The 
values were: 1.6 10-* m for glutamine and 3.8 x 10-‘ m 
for fructose-6-P with the rat liver enzyme; and 6.5 « 10-4 m for 
glutamine and 2.0 < 10-* m for fructose-6-P with the E. coli 
enzyme. Studies with the N. crassa enzyme yielded an approxi- 
mate K, of 7.5 * 10-4 m for fructose-6-P. Glutaminase ac- 
tivity in the N. crassa enzyme prohibited substrate studies with 
glutamine. 

Substrate Specificity—Crude extracts obtained from E. colt, rat 
liver or N. crassa all showed transamidase activity in the pres- 
ence of either glucose-6-P or fructose-6-P. The rat liver extract 
was also tested with mannose-6-P since Dr. Alfred J. Bollet 
(University of Virginia) informed us that mannose-6-P would 
serve as substrate for these extracts. However, as the enzymes 
were purified free from phosphohexoisomerases, only fructose-6-P 
acted as the hexose substrate, and only glutamine as the nitrogen 
donor. Specificity studies were conducted with the purified en- 
zymes from rat liver and E. col. The following substances were 
inactive when substituted for fructose-6-P in the usual assay 
system: fructose, glucose-6-P, mannose-6-P (tested only with the 
rat liver enzyme). The following could not substitute for L-glu- 
tamine as nitrogen donors: NH,Cl, asparagine, asparagine + 
ATP, NH,Cl + glutamic acid + ATP, glutamic acid. 

Reversibility Studves—Experiments were performed to de- 
termine whether the reaction was measurably reversible, 7.e. the 
conversion of glucosamine-6-P and glutamic acid to fructose-6-P 
and glutamine. In all experiments, the purified enzyme prep- 
arations were used. Initially, the reversibility of the reaction 
was studied by measuring fructose-6-P formation directly; no 
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Fig. 1. Glucosamine formation as a function of time by N. crassa enzyme. The incubation mixture contained per ml: 20 
pmoles of fructose-6-P, 30 uzmoles of glutamine, 75 umoles of phosphate buffer, pH 6.6, 5 umoles of EDTA, 60 ug of protein from gel 
eluate I; incubated at 30°. The products, glucosamine (due to phosphatase activity) and glucosamine-6-P, are presented as ‘“‘glu- 


cosamine.’’ 
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Fic. 2. Glucosamine-6-P (Gm-6-P) formation as a function of 
time. Rat liver enzyme (A); £Z. coli (@). The £. colt incubation 
mixtures contained per ml: 40 umoles of fructose-6-P, 48 umoles of 
glutamine, 37.5 zmoles of phosphate buffer, pH 7.0, 2.5 umoles of 
EDTA, 42 ug of protein from protamine eluate II fraction. The 
rat liver incubation mixtures contained per ml: 25 umoles of fruc- 
tose-6-P, 30 umoles of glutamine, 50 uwmoles of phosphate buffer, 
pH 7.6, 2.5 umoles of EDTA, 55.5 ug of protein from Fraction VIII. 
Incubated at 37°. 


synthesis of hexose phosphate was noted. Attempts were then 
made to “pull” the reaction towards the left by adding phospho- 
hexoisomerase, glucose-6-P dehydrogenase, and TPN to the re- 
action mixtures. Typical incubation mixtures contained the 
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Fig. 3. Effect of protein concentration on glucosamine-6-P 
(Gm-6-P) formation. Rat liver enzyme (A); £. coli enzyme (@). 
The rat liver incubation mixtures contained per ml: 16.6 umoles 
of fructose-6-P, 12 umoles of glutamine, 3.33 wmoles of EDTA, 100 
pmoles of phosphate buffer, pH 7.5, protein from Fraction VIII. 
The £. colt incubation mixtures contained per ml: 40 umoles of 
fructose-6-P, 48 wmoles of glutamine, 37.5 uzmoles of phosphate 
buffer, pH 7.0, 2.5 umoles of EDTA, protein from protamine eluate 
II. Incubated at 37° for 1 hour with rat liver enzyme and 30 min- 
utes with E. coli enzyme. 


following in 3 ml: 10 wmoles of glucosamine-6-P, 10 umoles of 
glutamic acid, 2 wmoles of TPN, 1.6 units of yeast phosphohexo- 
isomerase,? 1.3 units of glucose-6-P dehydrogenase, and 0.4 unit 


2 Purified yeast phosphoglucoisomerase was a gift from Dr. 
Armand J. Guarino, Department of Biological Chemistry, The 


e 
d 
e 
r 
0.6 
4 
a 
0.4 
0.2 A 
4 


1270 


ra) 
= 
a. 
o 
° 
= 
2 


0.5 T T 


TRIS-MALEATE 


Oo 


PHOSPHATE 


ww 


© 

T 


VERONAL 


6.8 72 76 8.0 8.4 8.8 
pH 


Fic. 4. Activity of rat liver enzyme as a function of pH. The 
incubation mixtures contained per ml: 10 wmoles of fructose-6-P, 
10 umoles of glutamine, 2 umoles of EDTA, 30 ug of protein from 
Fraction VIII of rat liver enzyme, and 50 uwmoles buffer. The re- 
action mixtures were incubated at 37° for 1 hour. Glucosamine- 
6-P = Gm-6-P. 


of E. coli enzyme, the mixture being adjusted to pH 7.8. The 
rat liver enzyme incubation mixture contained: 40 umoles of 
potassium phosphate buffer, pH 7.6, 2 umoles of EDTA, 3 umoles 
of glutamic acid, 3 umoles of glucosamine-6-P, 1.2 units of phos- 
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Fic. 5. Activity of EZ. coli enzyme as a function of pH. One 
milliliter of incubation mixture contained: 20 umoles of fructose- 
6-P, 6 umoles of glutamine, 5 wmoles of EDTA, 160 zg of protein 
from protamine eluate II, and 50 umoles of Tris-maleate buffer. 
Incubated at 37° for 30 minutes. Gm-6-P = glucosamine-6-P. 
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Fic. 6. Effect of fructose-6-P concentration on glucosamine-6-P 
formation. Rat liver enzyme (A), E. colienzyme (@). Rat liver 
incubation mixtures contained per ml: 6 uwmoles of L-glutamine, 
50 wmoles of phosphate buffer, pH 7.5, 2.5 wmoles of EDTA, 35 
ug of protein from Fraction VIII. Z£. coli incubation mixtures 


phohexoisomerase, 30 units of glucose-6-P dehydrogenase, 0.5 
umole of TPN, and 0.18 unit of rat liver transamidase. No 


University of Michigan. The specific activity of the enzyme was 
40 to 50 units per mg of protein; 1 unit converted 1 zmole of fruc- 
tose-6-P to glucose-6-P per minute at 25° under optimum condi- 
tions. 


. 3 
[F-6-P]x1l0° M 


4 


contained: 48 umoles of L-glutamine, 37.5 uwmoles of phosphate 
buffer, pH 7.0, 2.5 umoles of EDTA, 28 ug of protein from prota- 
mineeluateII. Incubated at 37° for30 minutes. K,, values were 
determined by the method of Lineweaver and Burk (21). F-6- 
P = fructose-6-P. 


TPNH formation was detected even after prolonged incubation, 
although the addition of 0.01 umole of fructose-6-P to either 
mixture resulted in an immediate reduction of a corresponding 
amount of TPN. Similar results were obtained with the N. 


crassa enzyme. 
Stoichiometry—The stoichiometric conversions of fructose-6-P 
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and glutamine to glucosamine-6-P and glutamic acid by the puri- 
fied enzymes from E. coli and rat liver are shown in Table IV. 

Studies with the most highly purified N. crassa enzyme were 
unsatisfactory, since this preparation still contained active phos- 
phatase and glutaminase. In a typical experiment, at the end 
of a 30-minute incubation, 1.1 uwmoles of fructose-6-P had disap- 
peared whereas 0.80 umole total hexosamine (glucosamine and 
glucosamine-6-P) was formed; however, approximately 20 times 
more glutamic acid was formed than fructose-6-P utilized. 

Characterization of Hexosamine Phosphate—The enzymatic 
product obtained with the £. coli fraction was characterized as 
follows. The incubation mixture was deproteinized with per- 
chloric acid, and the excess perchloric acid removed by the addi- 
tion of solid KHCO; in an ice bath, and the filtrate applied to a 
Dowex 50, hydrogen column. The hexosamine phosphate was 
eluted with water (10) and the solution evaporated under reduced 
pressure almost to dryness. Finally, the hexosamine phosphate 
was crystallized from the syrup by the careful addition of acetone. 
After one recrystallization from aqueous acetone, the material 
exhibited the same powder x-ray diffraction pattern as authentic 
glucosamine-6-P (11). 

The smaller quantities of glucosamine-6-P available from the 
purified rat liver preparation discouraged attempts at crystalliza- 
tion, and the product was therefore characterized as follows. 
After deproteinization of the incubation mixture, the hexosamine 
phosphate was isolated by ion exchange chromatography as de- 
scribed above. An aliquot was then treated with glucosamine- 
6-P deaminase (22) which yielded fructose-6-P as expected. A 
part of the hexosamine phosphate was treated with potato phos- 
phatase and the resultant hexosamine isolated by ion exchange 
chromatography according to the technique of Gardell (23). 
The hexosamine peak coincided exactly with that of a glucos- 
amine standard. The isolated hexosamine hydrochloride was 
N-acetylated (12, 13); chromatography of the N-acetylhexos- 
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Fic. 7. Effect of L-glutamine concentration on glucosamine-6-P 


(Gm-6-P) formation. Rat liver enzyme (A); £Z. coli enzyme (@). 
Rat liver incubation mixtures contained per ml: 5 umoles of fruc- 
tose-6-P, 50 wmoles of phosphate buffer, pH 7.5, 2.5 umoles of 
EDTA, 35 wg of protein from Fraction VIII. £. coli incubation 
mixtures contained per ml: 40 uwmoles of fructose-6-P, 37.5 umoles 
of phosphate buffer, pH 7.0, 2.5 umoles of EDTA, 28 ug from pro- 
tamine eluate II. Incubated at 37° for 30 minutes. K,, values 
were determined by the method of Lineweaver and Burk (21). 
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TaBLeE IV 
Stoichiometry studies 
Reaction catalyzed by enzyme from 
Compound Rat liver 
pmole/ml pmoles/ml pmoles/ml 
Fructose-6-P................ —0.89 —4.6 —30 
—0.87 —5.9 — 28 
Glucosamine-6-P............ +0.77 +4.6 +32 
Glutamic acid............... +0.94 +5.1 +32 


* Incubation mixture contained per ml: 3.54 uwmoles of fructose- 
6-P, 4.91 umoles of glutamine, and 0.86 ml of Fraction VIII (dia- 
lyzed 3 hours) containing, in this case, 190 ug of protein. Incu- 
bated at 37° for 2 hours. 

Tt Incubation mixture contained per ml: 5.8 wmoles of fructose- 
6-P, 7.7 umoles of glutamine, and 0.88 ml of Fraction VIII (dia- 
lyzed 1 hour) containing 195 ug of protein. Incubated at 37° for 
3 hours. 

t Incubation mixture contained per ml: 54 umoles of fructose- 
6-P, 40 umoles of glutamine, 5 mg of azaserine, and 0.33 ml of 
protamine eluate II containing 8.5 mg of protein. The specific 
activity of the enzyme had declined to 2.8 on storage; azaserine 
was added to inhibit glutaminase activity. The mixture was in- 
cubated for 1 hour at 37°, and in contrast to the other experiments 
described in the table, where the samples were heated for 2 min- 
utes to stop the reactions, in this case, the reaction was stopped 
by adding perchloric acid to 0.5 mM concentration. After centrifu- 
gation, excess perchloric acid was removed with potassium bicar- 
bonate. 


amine indicated that it was N-acetylglucosamine and not N-ace- 
tylmannosamine or N-acetylgalactosamine (24). When the free 
hexosamine was treated with ninhydrin (25), it yielded a product 
which showed the same Ry, value as D-arabinose. These results 
indicated that the product of action of the purified rat liver en- 
zyme was glucosamine-6-P. 

Inhibition of Transamidase Reaction by DON—The following 
substances were tested as inhibitors of the rat liver and E. coli 
enzymes: DON, azaserine, y-glutamylhydrazide, and pL-2-amino- 
4-(methylsulfinyl)-butyric acid. DON was by far the most po- 
tent inhibitor of the enzymes as shown in Fig. 8. In addition. 
to its well known effect as an inhibitor of purine synthesis, there- 
fore, DON may prevent cell growth by inhibiting the formation 
of glucosamine. 

Distribution of Transamidase in Fungi—Many fungi contain 
chitin in their cell walls (26). The following strains of organisms 
were found to contain transamidase activity when grown on a 
minimal medium (20) and extracted as described above for N. 
crassa: N. crassa Em-5297a,? Glomerella cingulata BOT, Helmin- 
thosporium sativeum BOT, Neurospora tetrasperma BOT, Penicil- 
lium species BACT, Dactylium dendroides QM 508, Aspergillus 
parasiticus QM 883 and QM 884, Penicillium notatum BACT, 
Aspergillus flavus QM 870. Negative results were obtained with 


3 The abbreviations after the names of the organisms indicate 
the sources from which the cultures were obtained: Em-5297a, G. 
W. Beadle, California Institute of Technology; BOT and BACT, 
Departments of Botany and Bacteriology, The University of 
Michigan, respectively; QM, Quartermaster Culture Collection; 
NRRL, Northern Regional Research Laboratories, ATCC, Amer- 
ican Type Culture Collection. 
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Fic. 8. Inhibition of rat liver and EZ. coli enzymes by DON. 
Rat liver enzyme (A); £. coli enzyme (@). Rat liver incubation 
mixtures contained per ml: 10 wmoles of fructose-6-P, 6 wmoles of 
glutamine, 30 wmoles of phosphate buffer, pH 7.5, 2.5 uwmoles of 
EDTA, 44 ug of protein from Fraction VIII. £. colt incubation 
mixtures contained per ml: 40 uwmoles of fructose-6-P, 12 umoles of 
glutamine, 37.5 wmoles of phosphate buffer, pH 7.0, 2.5 uwmoles of 
EDTA, and 200 ug of protein from protamine eluate II. Incu- 
bated at 37° for 1 hour with rat liver enzyme and 30 minutes with 
E. coli enzyme. 
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Fic. 9. Hydrolysis of glutamine by EL. coli enzyme as a function 
of protein concentration. One milliliter of incubation mixture 
contained : 67 umoles of glutamine, 38.5 umoles of acetate buffer pH 
4.9. Incubated at 37° for 10 minutes. 


extracts of Aspergillus niger BACT and Aspergillus oryzae ATCC 
7252. There was no correlation between the chitin content (20) 
of the organism and the enzymatic activity of the extracts. JN. 
crassa Em-5297a, the organism used in the studies described 
above, gave the most active extracts. Finally, the crude extracts 
obtained from the Penicillium species were active with fructose- 
6-P, but exhibited little activity with glucose-6-P, thus confirm- 
ing the results of the enzyme fractionation described above for 
the N. crassa extracts. 
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Properties of E. coli Glutaminase—Apparently, there have been 
few studies on bacterial glutaminases. The E. coli extracts ex- 
hibited powerful glutaminase activity, and some characteristics 
of this enzyme were determined. In these experiments, the 
polymyxin supernatant fraction was used. The effects of en- 
zyme concentration and time on the hydrolysis of glutamine are 
shown in Figs. 9 and 10. The pH optimum for the enzyme ac- 
tivity was 4.9. 

DON is a powerful inhibitor of the E. coli glutaminase. For 
example, about 1.1 umoles per ml of DON inhibited the activity 
approximately 50% in an incubation mixture containing 67 
mmoles per ml of glutamine. Azaserine was much less effective 
as an inhibitor of the glutaminase, since 92 uwmoles of azaserine 
per ml yielded a 12% inhibition of the enzyme under the same 
conditions. 


DISCUSSION 


The results obtained with purified enzymes obtained from 
typical bacterial, fungal, and mammalian cells indicate that they 
catalyze the reaction: Fructose-6-P + glutamine — glucosamine- 
6-P + glutamic acid. A suitable name for the enzyme is L-glu- 
tamine-p-fructose 6-phosphate transamidase. 

These data apparently conflict with the previous report of 
Pogell and Gryder (10), who concluded that glucose-6-P is the 
hexose phosphate substrate for the rat liver enzyme. Since both 
hexose phosphates acted as substrates for their preparations, it 
is suggested that their preparations were contaminated with 
phosphohexoisomerase. In the present studies, all of the puri- 
fied enzymes exhibited marked specificity for fructose-6-P and 
glutamine. Furthermore, the activities of the enzymes from the 
three sources were followed with fructose-6-P and glucose-6-P 
(also mannose-6-P in the case of the rat liver enzyme) during 
purification; no fraction was active with glucose-6-P while inactive 
with fructose-6-P. These results, therefore, clearly indicate an 
absolute requirement for fructose-6-P by the transamidase. 

Extensive studies have been conducted to determine whether 
more than one enzyme is involved in the biosynthesis of glucos- 
amine-6-P from fructose-6-P. Since there was no evidence for 


20+ - 
E 
a 
uJ 
a 
2 
W - 
© 
= 
2 
10 20 30 40 50 60 


TIME (MINUTES) 


Fie. 10. Activity of EZ. coli glutaminase as a function of time. 
Incubation mixtures contained per ml: 67 wmoles of glutamine, 
38.5 umoles of acetate buffer, pH 4.9, 160 ug of protein from poly- 
myxin supernatant fraction of Z. coli enzymes. 


Incubated at 37°. 
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separation of activities in the fractionation of the various en- 
zymes, the available data suggest that the reaction is catalyzed 
by a single protein. In addition, studies on possible cofactor re- 
quirements involving dialysis and treatment with ion exchange 
resin, were negative, suggesting that the enzyme does not require 
cofactors. 

The transamidase reaction appears to be unique since the en- 
ergy required is derived solely from the cleavage of the amide 
bond of glutamine. In the usual biochemical reaction involving 
the transfer of the amide nitrogen of glutamine to an acceptor 
other than water (such as in purine biosynthesis (27) and DPN 
formation (28)) an additional source of energy like ATP is re- 
quired. Finally, the transamidase reaction is not measurably 
reversible, even in the presence of enzymes which would utilize 
any fructose-6-P which might be formed. 

Previous experiments (22) demonstrated that glucosamine-6-P 
can also be formed from fructose-6-P and ammonia in the pres- 
ence of glucosamine-6-P deaminase. Although the equilibrium 
of the deaminase reaction is far towards the formation of fruc- 
tose-6-P, this equilibrium can be shifted towards glucosamine-6-P 
synthesis by coupling the deaminase with glucosamine-6-P acety- 
lase and acetyl-CoA. Thus glucosamine-6-P can be formed by 
two types of systems, the transamidases described here and by 
reversing the deaminase reaction. In both cases fructose-6-P 
serves as the hexose phosphate acceptor for the nitrogen, which 
in one case is derived from glutamine and in the other from am- 
monia. The relative importance of these two pathways in the 
synthesis in vivo of glucosamine-6-P remains to be determined. 
The experiments of Lowther and Rogers (29) are of interest in 
this connection. Fresh, intact cells of Streptococcus hemolyticus 
synthesized hyaluronate with either ammonia or glutamine as 
the sole nitrogen source, whereas aged cells utilized only gluta- 
mine. 

SUMMARY 


Studies with purified enzymes obtained from Escherichia coli, 
rat liver, and Neurospora crassa indicate that these enzymes cata- 
lyze the conversion of p-fructose 6-phosphate and L-glutamine to 
glucosamine 6-phosphate and glutamic acid. The preparations 
are relatively labile, specific for the two indicated substrates, 
strongly inhibited by 6-diazo-5-oxo-L-norleucine, and show no 
cofactor requirements. ‘The reaction is apparently catalyzed by 
one enzyme and is not measurably reversible. 

An active, soluble glutaminase was obtained from E. colt. 
Some of its properties are recorded; the enzyme is strongly in- 
hibited by 6-diazo-5-oxo-L-norleucine. 
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Although the aldonic acids, such as p-gluconic acid, are im- 
portant intermediates in the metabolism of hexoses, little is 
known about the metabolism of the corresponding derivatives of 
the hexosamines, i.e. the hexosaminic acids. Previous work on 
the biosynthesis and degradation of the hexosamines (1) has been 
concerned primarily with the interrelationships of the hexosa- 
mine and hexose phosphates. 

The first studies on p-glucosaminic acid metabolism were re- 
ported by Imaizumi (2) who isolated lactic, oxalic, and acetic 
acids from the urine of animals fed p-glucosaminic acid. Simi- 
larly, bacteria grown in the presence of p-glucosaminic acid 
yielded lactic and succinic acids. Lutwak-Mann (3) postulated 
that tissues and bacteria might convert hexosamines to hexosa- 
minic acids before deamination, although p-glucosaminic acid 
was not utilized by the tissues and cells in her studies, nor could 
she find evidence for its formation. Recently, Imanaga (4) re- 
ported that either whole cells or extracts obtained from Pseudo- 
monas fluorescens oxidized p-glucosamine to p-glucosaminic acid; 
the acid was not further metabolized either by the whole cells or 
in the extracts. 

Preliminary communications from this laboratory (5) and 
Imanaga (6) noted that extracts obtained from unidentified 
organisms catalyzed the following reaction: 


CO.H CO:H 
én, 
H—C—OH H—C—OH 
H—C—OH H—C—OH 
p-Glucosaminic 2-Keto-3-deoxy- 
acid p-gluconic acid 


By analogy with the amino acid dehydrases, the enzyme will be 


* The Rackham Arthritis Research Unit is supported by a grant 
from the Horace H. Rackham School of Graduate Studies of The 
University of Michigan. This investigation was supported in 
part by grants from the National Institutes of Health (A-512) 
and from the Michigan Chapter, Arthritis and Rheumatism 
Foundation. 

+t Present address, Department of Bacteriology, University of 
California, Berkeley, California. Predoctoral Fellow, Arthritis 
and Rheumatism Foundation. These studies were submitted to 
the Department of Biological Chemistry, The University of 
Michigan in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy. 


called p-glucosaminic acid dehydrase. The details of our studies 
are presented below. 


EXPERIMENTAL 


Matervals— Unless otherwise indicated, all materials were com- 
mercial products. Glucosaminic acid was prepared by oxidation 
of glucosamine hydrochloride (7) or was a commercial product, 
twice recrystallized after charcoal treatment. Calcium 2-keto- 
D-gluconate and calcium 5-keto-p-gluconate were gifts from Dr. 
F. H. Stodola, Northern Regional Research Laboratories, United 
States Department of Agriculture, Peoria, Illinois. Unpublished 
procedures of Dr. A. Kornberg were used for the preparation of 
potato phosphatase and phosphoenolpyruvate. The following 
compounds were gifts: 2-keto-3-deoxy-p-gluconic acid 6-phos- 
phate from Dr. W. A. Wood (Department of Agricultural 


Chemistry, Michigan State University), the calcium salts of a- — 


and 6-glucometasaccharinates from Drs. W. M. Corbett and G. 
Machell (British Rayon Research Association), and sodium a- 
ketobutyrate from Dr. H. R. Garner (Department of Biological 
Sciences, Purdue University). 

Methods—Ammonia was determined by the Conway diffusion 
technique (8); a-keto acid by the semicarbazide method of 
MacGee and Doudoroff (9), the samples being incubated with 
the semicarbazide reagent for 15 minutes at 37°; pyruvic and 
a-ketobutyric acids were determined by the direct method of 
Friedemann and Haugen (10) with the alcohol modification of 
Sayre and Greenberg (11) to prevent turbidity; protein was 
estimated by a nephelometric method (12); enzymatic phospho- 
rylation was measured by a manometric procedure for acid 
formation (13) or by an assay for ADP with phosphoenolpyru- 
vate (14). 

A ninhydrin procedure was used for glucosaminic acid determi- 
nation after removal of ammonia. Aliquots of the incubation 
mixtures were added to 1 ml of 0.01 N sodium hydroxide, evapo- 
rated to dryness under reduced pressure, the residues each dis- 
solved in 1 ml of water, and again evaporated to dryness. Water 
was added and evaporated three or four times to ensure complete 
removal of ammonia. Finally, the samples were assayed with 
ninhydrin in the usual manner (15). Under these conditions, 
quantitative recoveries of glucosaminic acid were obtained. 

Enzyme Assay—In early experiments, the following mixtures 
were used for enzyme assay in a final volume of 0.125 ml (umoles): 
10, glucosaminic acid adjusted to pH 8.0; 15, potassium phos- 
phate buffer at pH 8.0; and protein. In later experiments, the 
mixtures were supplemented with 0.016 umole of pyridoxal phos- 
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phate and 2 umoles of mercaptoethanol. Routinely, the incuba- 
tions were conducted for 5 minutes at 37°, and the reaction 
stopped by heating for 3 minutes in a boiling water bath. Keto 


acid was determined on aliquots of the mixtures. Controls in- 
cluded tubes without enzyme and with heat-inactivated enzyme. 


A unit of enzyme gave 1.0 umole of a-keto acid in 5 minutes 
under the above conditions. The specific activity was defined 
as the units of enzyme per mg of protein. 

Isolation of Organism—A 0.005 solution of glucosaminic acid 
was allowed to stand uncovered on a laboratory bench for 1 week, 
after which time turbidity developed. The mixture (1 ml) was 
transferred to 100 ml of the growth medium described below, 
and after 24 hours at room temperature followed by 16 hours at 
37° on a rotary shaker, the turbid culture was streaked on agar 
plates containing the growth medium. Incubation for 24 hours 
at 37° gave white colonies which were transferred through the 
liquid growth medium, and back to agar plates and slants. The 
slants were stored at 4°. The unidentified organism possesses 
the following characteristics :! rod-shaped, gram-negative, aerobe, 
nonsporeformer, and nonmotile. The organism, deposited at the 
Northern Regional Research Laboratories and designated 
NRRL-P-826, grows well at room temperature on slants con- 
taining tryptone, liver extract, yeast extract and glucose, or, on 
tryptone, yeast extract, and 0.1% potassium gluconate. It also 
grows on chemically defined media with glucose as the sole car- 
bon source. 

In the present studies, the growth medium consisted of the 
following in grams per liter: NH,Cl, 2.0; Na2HPO,, 6.0; KH2PO,, 
3.0; NaCl, 5.0; MgSOu, 0.1; and glucosaminic acid, 2.5. The inor- 
ganic salts, dissolved in 900 ml of water, and the glucosaminic 
acid, dissolved in 100 ml of water, were autoclaved separately 
for 15 minutes at 15 pounds pressure. The stock cultures were 
maintained on slants of the same medium containing 2% Bacto- 
agar. 

Cells were grown at 37° on a New Brunswick Rotary Shaker 
at 240 r.p.m. for 24 hours. Generally, 2.56% inocula were used; 
the bacteria were harvested at 4° by centrifugation and washed 
twice with 0.15 m KCl solution. Approximately 2.5 g (wet 
weight) of cells were obtained per liter of growth medium. 

Respiration Studies—The effect of various substrates upon 
respiration by the organism was studied in the Warburg respirom- 
eter with the use of standard procedures (16). In these experi- 
ments, a suspension of the bacteria in 0.15 m KCl was adjusted 
to 41% transmission at 660 my in an Evelyn Colorimeter. As 
indicated in Fig. 1, only glucosaminic and p-gluconic acids sig- 
nificantly stimulated oxygen consumption; D-gluconic acid was 
approximately 33% as effective as glucosaminic acid. Although 
the organism can be grown on p-glucose, it was surprising to 
find that this sugar did not stimulate oxygen uptake under these 
conditions. However, the respiration studies were relatively 
short term experiments and the cells used here had been grown 
on glucosaminic acid. 

Phosphorylation Experiments—Early experiments suggested 
that crude extracts catalyzed the phosphorylation of glucosaminic 
acid in the presence of ATP. Extracts were prepared by shaking 


1 We are grateful to Dr. W. Callahan (The University of Michi- 
gan) and Drs. W. C. Haynes and A. Jeanes (Northern Regional 
Research Laboratories) who performed the morphological and 
differential media studies on the organism. The differential 
media studies are published in detail in the Doctoral Thesis of J. 
M. Merrick. 
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2.5 g of cells (wet weight), 8 g of fine glass beads (Superbrite 
glass beads, No. 115 regular, Minnesota Mining and Manufac- 
turing Company), and 8 ml of 0.15 m KCl at high speed (17) 
in the cold room. The stainless steel cell containing the mixture 
was precooled, shaken for 30 seconds, cooled in ice, and again 
shaken for 30 seconds. After centrifugation of the mixture at 
16,000 x g for 10 minutes, the supernatant fluid was used for 
enzymatic studies. 

Both the manometric and phosphoenolpyruvate kinase assay 
methods indicated that phosphorylation occurred when the ex- 
tract was added to the glucosaminic acid and ATP; the reaction 
was linear with respect to time and protein concentration. Fur- 
thermore, 2-keto-p-gluconic acid could not replace glucosaminic 
acid. When the extract was fractionated, however, it became 
evident that glucosaminic acid was first converted to an inter- 
mediate which was subsequently phosphorylated. 

The following fractionation was conducted at 0-4°. The 
crude extract (5 ml) was treated with 1 ml of aged calcium phos- 
phate gel (18) containing 16 mg of solids per ml. After 15 min- 
utes with occasional stirring, the gel was removed by centrifuga- 
tion and discarded. The supernatant fluid (5 ml) was treated 
with 1.13 g of solid ammonium sulfate, stirred for 15 minutes, 
and centrifuged for 15 minutes at 16,000 x g. The precipitate 
was dissolved in 0.65 ml of 0.1 m phosphate buffer, pH 6.6, and 
the resulting solution designated as AS-I. Additional fractions 
were obtained by treating the supernatant fluids with solid am- 
monium sulfate in a stepwise manner. Thus, AS-II was ob- 
tained after addition of 0.29 g of ammonium sulfate to the super- 
natant fluid of AS-I; AS-III by the addition of 0.63 g to the AS-II 
supernatant fluid; and AS-IV by the addition of 0.67 g to the 
AS-III supernatant fluid. 

‘The protein fractions were assayed for kinase activity by the 
phosphoenolpyruvate method. Each reaction mixture contained 
the following (umoles) in a final volume of 0.6 ml: 2, glucosaminic 
acid adjusted to pH 7.4; 4, ATP; 2, MgCl.; 15, potassium phos- 
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Fic. 1. Respiration studies with whole cells. The side arm of 
the Warburg flask contained 10 umoles of substrate; the center 
well, 0.2 ml of 5 N KOH on filter paper; the main compartment, 
1.5 ml of 0.1 M potassium phosphate buffer, pH 7.4, and 1 ml of cell 
suspension prepared as described in the text. The O2 values have 
been corrected for endogenous O2 consumption. 
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TABLE I 
Formation of intermediate before phosphorylation 

The complete system contained the components indicated in 
the text; the protein fractions used here were AS-I and AS-III, 
0.005 ml each. The first incubation was performed at 37° for 15 
minutes, the reaction stopped by heating at 100° for 3 minutes. 
After the addition of the indicated components, the second incu- 
bation was performed in the same manner. ADP was then de- 
termined by the phosphoenolpyruvate assay, and activity is ex- 
pressed as uymoles of ADP formed per reaction mixture. 


Components of incubation mixture 
Tube No. Activity 
First (additions to first) 
1 Complete none 0.47 
2 Omit ATP and AS-III ATP + AS-III 0.00 
3 Omit ATP and AS-I ATP and AS-I 0.41 
4 Omit AS-III; add boiled | none 0.15 
AS-III 


phate buffer, pH 7.4; 0.005 ml of the protein fractions. The 
mixtures were incubated for 15 minutes at 37°. Under these 
conditions, fraction AS-I exhibited 26% of the initial activity 
present in the crude extract, whereas fractions AS-II, AS-III, 
and AS-IV showed no activity. However, when all four fractions 
were combined, 89% of the initial activity was detected. These 
data suggested that two or more protein fractions were neces- 
sary for kinase activity. This hypothesis was substantiated as 
shown in Table I. From these data, we concluded that AS-III 
contained one or more enzymes capable of converting glucos- 
aminic acid to a substance which was then phosphorylated by a 
kinase present in AS-I. The data also suggested that AS-I was 
slightly contaminated with the enzyme(s) present in AS-III. 
Enzymatic Conversion of p-Glucosaminic Acid to 2-Keto-3- 
deoxy-p-gluconic Acid—Preliminary experiments suggested that 
the products formed by the action of AS-III on glucosaminic acid 
were ammonia and an a-keto acid. The protein fraction for 
preparative work was obtained as follows. The cells (5 g) from 
2 liters of growth medium were extracted as described above by 
increasing all reagents 2-fold. After removal of the AS-I frac- 
tion, the concentration of ammonium sulfate was increased to 
70%, and the resulting precipitate was dissolved in 9.0 ml of po- 
tassium phosphate buffer, 0.1 m, pH 6.6. A mixture of the 
following substances was incubated for 2 hours at 37°: 8.6 ml of 
the enzyme solution; 2.7 g of glucosaminic acid adjusted to pH 
7.4; 260 ml of 0.1 m potassium phosphate buffer, pH 7.4; final 
volume 860 ml. The semicarbazide assay indicated that 91% 
of the glucosaminic acid was converted to keto acid under these 
conditions. After adjusting to pH 2 to 3 with phosphoric acid, 
the mixture was passed through 100 ml of Dowex 50, hydrogen 
form resin (200 to 400 mesh), and the eluate and washings were 
neutralized with Ca(OH):2. Calcium phosphate was removed by 
centrifugation and the supernatant fluid concentrated under 
reduced pressure. The pH of the concentrated solution was 
maintained at 7.2 by adding Ca(OH): until no change could be 
detected over a period of several hours (presumably the pH 
slowly decreases due to hydrolysis of the lactone ring of the acid). 
Finally, the solution was concentrated to a syrup and triturated 
with methanol, giving 2.47 g of crude calcium salt as a white 
solid; about 94% of the keto acid present in the incubation 
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mixture was isolated. The salt was crystallized by dissolving in 
the minimum quantity of water, concentrating to a syrup, and 
adding several drops of acetone. Crystallization was difficult 
when too much water was present. The salt was recrystallized 
for analysis from the same solvent system, and dried in a vacuum 
over P,Q; for several days at room temperature.’ 


H2O (403.4) 
Calculated: C 35.73, H 4.76, Ca 9.94 
Found: C 35.55, H 4.77, Ca 10.17 


The optical rotation [a]> = —29.2° (c, 6.2% in water). Ap- 
parently, this compound has not previously been obtained in 
crystalline form, either as the free acid or as the salt. 

Solutions of the compound, after removal of calcium ions by 
ion exchange resin, exhibited the following properties: (a) reac- 
tion with semicarbazide gave a product with typical semicarba- 
zone absorption spectra for a-keto acids (9) with a maximum at 
250 my; (6) reaction with o-phenylenediamine gave a product 
with typical quinoxaline absorption spectra with a ratio of 1.5 
for the absorbancy at 330 my to that at 360 my (19); (c) the 
substance was compared with and appeared identical to authentic 
2-keto-3-deoxy-p-gluconic acid obtained from the 6-phosphate 
ester by the action of potato phosphatase. The unknown and 
authentic compounds showed the same migration rates in 3 
solvent systems on paper chromatography: Solvent 1 was meth- 
anol, ammonia, water (6:1:3); Solvent 2 was methanol, formic 
acid, water (80:15:5); Solvent 3 was propanol, formic acid, 
water (6:3:1). The Re of the two compounds in the three sys- 
tems was 0.89, 0.68, and 0.59, respectively. In Solvent system 3, 
2-keto-p-gluconic acid exhibited an R,y of 0.42. The following 
spray reagents were used: alkaline silver nitrate (20), semicar- 
bazide (21), and o-phenylenediamine (19, 22). Both the un- 


‘known and 2-keto-3-deoxy-p-gluconic acid gave a yellow color 


with the latter spray reagent when dried at room temperature; 
after heating at 100° for 5 minutes the spots became greenish 
yellow which changed to orange-red, and finally to red on stand- 
ing. In contrast, 2-keto-p-gluconic acid exhibited no color with 
the o-phenylenediamine spray reagent until heated, when it 
turned green and finally became purple. 

A definitive characterization of the product obtained by action 
of the enzyme on glucosaminic acid was achieved by conversion 
to a compound of known chemical structure, 7.e. 6-glucometa- 
saccharinic acid. The calcium salt (500 mg) was dissolved in 
water, converted to the potassium salt by use of a potassium 
ion exchange resin, the solution evaporated to a syrup under re- 
duced pressure, and the latter dissolved in 5 ml of water and 10 
ml of 0.1 m borate buffer, pH 8. The solution was chilled in ice 
and treated with 400 mg of sodium borohydride. After stirring 
the reaction mixture for 1 hour, a negative reaction with the 
semicarbazide reagent was obtained and the pH was then ad- 
justed to pH 1 with 8 N HCl. The solution was concentrated to 
dryness, and borate was removed as the methyl] ester by re- 
peated addition and evaporation of methanol plus 1 drop of 8 N 
HCl. After dissolving the resulting syrup in water, cations were 
removed from the solution with Dowex 50, hydrogen form resin, 
and the eluate and washings were evaporated under reduced 
pressure to a syrup. Water was then repeatedly added and 
removed under reduced pressure until a negative chloride test 


2 The elementary analyses were performed by Spang Micro- 
analytical Laboratories, Ann Arbor, Michigan. 
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was Obtained. The final product contained a mixture of a- and 
8-metasaccharinic acid lactones which were separable on paper 
chromatograms in a solvent system consisting of ethyl acetate, 
acetic acid, and water (10:1.3:1). The chromatograms were 
developed with a hydroxylamine-ferrie chloride spray reagent 
(23). Authentic a-metasaccharinate exhibited an Rp of 0.33 
and the B-isomer an Ry of 0.29 under these conditions. The 
rexction mixture showed both materials in approximately equal 
amounts; no other substances were detected. The lactones were 
converted to the calcium salts by adding Ca(OH). until there was 
no decrease in pH over a period of several hours. Excess Ca 
ions were removed by the addition of solid carbon dioxide, the 
reaction mixture was filtered, and the filtrate evaporated under 
reduced pressure. Trituration of the resulting syrup with etha- 
nol vielded a white solid, from which the calcium salt of the 6- 
isomer (24) was fractionally crystallized by dissolving the crude 
salts in the minimum quantity of hot water followed by slow 
cooling. The crystals were collected by centrifugation, washed 
with small quantities of ice water, and recrystallized. The vield 
of final product was 50 mg, representing a 29°% yield if both 
a- and B-isomers were formed in equal quantity by the reduction 
reaction. Chromatography of the crystals indicated only the 
presence of the calcium salt of 8-glucometasaccharinate. The 
x-ray powder diffraction patterns of the product and of authentic 
‘alcium B-glucometasaccharinate are shown in Fig. 2.— 

On the basis of these results, it was concluded that the extract 
‘atalvzed the conversion of p-glucosaminic acid to 2-keto-3- 
deoxy-b-gluconie acid. 

Purification and Properties of p-Glucosaminic Acid Dehydrase— 
In addition to the crude ammonium sulfate fractionation de- 
scribed above, a partial purification of the enzyme was obtained 
as follows. 

Unless otherwise indicated, all operations were conducted be- 
tween O and 4° and centrifugations were performed between 
16,000 and 18,000 x g for 10 minutes. Either freshly harvested 
cells, or cells frozen and stored at —18° for periods of less than 1 
month were disrupted as described, and the debris washed twice 
with 6 ml portions of 0.15 m KCl solution. The supernatant 
fluid and washings were combined, and the resulting crude ex- 
tract from 2.5 g of cells (wet weight) generally contained about 
8100 units of enzyme with a specific activity averaging 127. 

A 2% solution of protamine sulfate (5 ml) was added to the 
crude extract (19 ml), and after stirring for 10 minutes, the 
mixture was centrifuged. The supernatant fluid was dialyzed 
against 0.01 m KCl for 3 to 6 hours (the activity was stable to 
dialysis for at least 18 hours), and the dialysis residue was centri- 
fuged to remove insoluble matter. The vield of enzyme in the 
supernatant fluid averaged 98°7, and the specific activity aver- 
aged 563. 

The supernatant fluid (22 ml) was added to 12 ml of diethyl- 
aminoethy] cellulose. Before use, the cellulose was equilibrated 
with a solution containing 0.02 m KCI and 0.01 mM potassium 
phosphate buffer. pH 7.0, and was then washed exhaustively 
with water. The cellulose-enzyme mixture was stirred for 15 
minutes, and centrifuged at 2,000 x g. Occasionally, larger 
quantities of cellulose were needed to adsorb all of the enzyme; 
the step was considered satisfactory if at least 75% of the en- 
zvme was retained by the cellulose. The supernatant fluid was 
discarded, and the cellulose was washed several times with cold 
water. Finally, the enzyme was eluted by treating the cellulose 
twice with 20 ml portions of a solution containing 0.01 mM potas- 
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Fig. 2. X-ray powder diffraction patterns. The pattern on the 
left obtained with authentic calcium #-glucometasaccharinate; 
on the right with the product obtained after reduction of the keto 
acid. 


sium phosphate buffer, pH 7.1, and 0.08 m KCI. The specifie 
activity ranged between 700 and 1200 at this point, and the 
yield varied between 65 and 80%. 

Attempts to increase the specific activity of the enzyme by 
other fractionation methods were unsuccessful. Although the 
purification of the enzyme from the crude extract was not very 
great, it might be noted that the specific activity of the final 
preparation was relatively high. 

The effects of pH, incubation time, and protein and substrate 
concentrations, on the reaction velocity are illustrated in Figs. 
3 to 6. The purified preparation showed variable stability when 
stored at —18°; some preparations lost activity in a few days 
whereas others remained active for a few wecks. 

Stoichiometry As shown in Table I, the enzyme catalyzes the 
stoichiometric conversion of p-glucosaminic acid to ammonia 
and 2-keto-3-deoxy-p-gluconic acid. 

Specificity Studies—The reaction catalyzed by glucosaminic 
acid dehydrase is analogous to the reactions catalyzed by serine 
and threonine dehydrases; serine being converted to pyruvate 
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Fic. 3. Effect of pH on the reaction velocity. The reaction 
mixtures contained the following (in wmoles): glucosaminic acid, 
20; buffer, 30; pyridoxal phosphate, 0.032; mercaptoethanol, 4; 
protein, 0.63 ug. The final volume was 0.25 ml and the incubation 
time was 5 minutes at 37°. Glucosaminic acid was adjusted to the 
various pH values before use; the pH values are those observed 
after incubation. 
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Fic. 4. Effect of incubation time on reaction. The reaction 
mixtures contained the following (in wmoles): glucosaminic acid 
adjusted to pH 8.0, 10; potassium phosphate buffer, pH 8.0, 15; 
pyridoxal phosphate, 0.016; mercaptoethanol, 2; protein, 1.9 ug. 
Final volume, 0.125 ml; incubations conducted at 37°. 


and ammonia while threonine yields a-ketobutyrate and ammo- 
nia. In view of the wide distribution of the amino acid dehy- 
drases (26-37) and the structural relationship between p-glucos- 
aminic acid, D-serine, and p-threonine, the latter substances and 
their L-isomers were tested. As shown in Table IIT, the enzyme 
showed little activity with the amino acids other than p-glucos- 
aminic acid. 

A corollary study was conducted to determine whether prep- 
arations containing serine and threonine dehydrases would act 
on glucosaminic acid. For these studies, extracts were prepared 
from FE. coli, Neurospora crassa, and rat liver which exhibited 
activity with the amino acids. However, none of these extracts 
catalyzed the reaction with glucosaminie acid. 

Cofactor Studies—Glucosaminic acid dehydrase activity oc- 
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Fic. 5. Effect of enzyme concentration of reaction velocity. 
The reaction mixtures contained (in wmoles): glucosaminic acid 
adjusted to pH 8.0, 10; potassium phosphate buffer, pH 8.0, 15; 
pyridoxal phosphate, 0.016; mercaptoethanol, 2.0; protein as 


indicated. Final volume, 0.125 ml; 5-minute incubations at 37°. 
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Fic. 6. Effect of substrate concentration on reaction velocity. 
The reaction mixtures contained (in wmoles): potassium phosphate 
buffer, pH 8.0, 15; pyridoxal phosphate, 0.016; mercaptoethanol, 
2.0; 0.38 wg of protein, and the indicated concentrations of glu- 
cosaminic acid adjusted to pH 8.0. Final volume, 0.125 ml; incu- 
bated 5 minutes at 37°. The A,, calculated according to Line- 
weaver and Burk (25) was 8.8 & 1073 M. 


casionally decreased or was completely lost on aging of the ex- 
tracts. Partial restoration of activity was sometimes obtained 
by adding pyridoxal phosphate to these extracts. The restora- 
tion of activity was made even more effective by also adding 
sulfhydryl compounds. These phenomena were analogous to the 
dissociation of pyridoxal phosphate on aging of the amino acid 
dehydrases (29, 30). 

Crude extracts of cells which had been stored at —18° for 6 
months showed much less activity than did extracts of fresh 
cells. The extracts were fractionated as described above, 
through the protamine sulfate step, but the activity was not 
adsorbed by diethylaminoethy1 cellulose. The final step, there- 
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fore, consisted of an ammonium sulfate fractionation. The 
protamine sulfate supernatant fluid was treated with an equal 
volume of an ammonium sulfate solution (saturated at 0-2°), 
the resulting mixture stirred for 15 minutes, centrifuged, and 
the supernatant fluid discarded. The precipitate was dissolved 
in 8 ml of 0.1 m potassium phosphate buffer, pH 7.4 (i.e. when 
2.5 g of cells were used as starting material) and this solution 
was used for further studies. The various fractions, assayed 
without addition of cofactors, were obtained in the following 
yields and specific activities: crude extract, 100%, 34; protamine 
sulfate supernatant fluid, 65%, 80; ammonium sulfate fraction, 
53%, 277. 

Depending on the enzyme preparation employed, the amino acid 
dehydrases required pyridoxal phosphate, AMP, and glutathione 
as cofactors (26-37). In the present studies, cofactor require- 
ments were determined with the ammonium sulfate fraction and 
assayed in reaction mixtures containing the following in umoles: 
10, glucosaminic acid adjusted to pH 8.0; 15, potassium phos- 
phate buffer, pH 8.0; 1.7 ug of protein; the following as required, 
pyridoxal phosphate, 0.016, mercaptoethanol, 2.0, AMP, 0.13. 
The final volume was 0.125 ml, and incubations were conducted 
for 5 minutes at 37°. The reactions were stopped with 0.25 
ml of 0.20 m ZnSO, and 0.25 ml of 0.20 m Ba(OH)2. The super- 
natant fluids were then assayed for a-keto acid. With no co- 
factor additions, 0.01 umole was formed; pyridoxal phosphate 
added alone yielded 0.02 umole; mercaptoethanol alone had no 
effect. However, pyridoxal phosphate plus mercaptoethanol 
gave 0.42 umole. AMP exhibited no detectable effect either 
alone or when tested in combination with the other cofactors. 

Several other sulfhydryl agents were tested in this system in 
the presence of pyridoxal phosphate and AMP. Mercapto- 
ethanol was by far the most effective agent, with glutathione, 


TaBLe II 
Stoichiometry of glucosaminic acid dehydrase reaction 


The reaction mixture contained (in umoles): glucosaminic acid 
adjusted to pH 7.8, 80; potassium phosphate buffer, pH 7.8, 120; 
and 12.8 ug of protein. Final volume, 1.0 ml; incubation time was 
15 minutes at 37°. The keto acid was assayed by the semicarba- 
zide method with the crystalline calcium salt as a standard. 


Compound Concentration 
pmoles/ml 
2-Keto-3-deoxy-p-gluconic acid.............. +41.0 


TaBLeE III 
Specificity of glucosaminic acid dehydrase 
The reaction mixtures contained: substrates adjusted to pH 
7.8, 10 uymoles; potassium phosphate buffer, pH 7.8, 15 uwmoles; 
and 1.6 ug of protein. Final volume was 0.125 ml. Incubated 15 
minutes at 37°. 


Substrate Keto acid formed Activity 

pmoles % 

D-Glucosaminic acid............. 4.56 100 
0.00 0.0 


J. M. Merrick and S. Roseman 
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Fic. 7. Effect of pyridoxal phosphate concentration on reac- 
tion velocity. The reaction mixtures contained (in pmoles): 
glucosaminic acid adjusted to pH 8.0, 10; potassium phosphate 
buffer, pH 8.0, 15; mercaptoethanol, 2.0; 1.7 ug of protein prepared 
from aged cells as described in the text, and the indicated concen- 
trations of pyridoxal phosphate. Final volume was 0.125 ml; 
incubation time, 5 minutes at 37°. 


thioglycollate, and cysteine being less effective in decreasing 
order, 

The effect of pyridoxal phosphate concentration on the reac- 
tion rate is illustrated in Fig. 7. 

Reversibility Studies—Attempts were made to determine 
whether the dehydrase reaction was reversible by incubating 
mixtures of the enzyme, 2-keto-3-deoxy-p-gluconic acid, and 
N*-ammonia. The complete incubation mixture contained the 
following (umoles) in 4.0 ml: 200, glucosaminic acid adjusted to pH 
7.8; 500, potassium phosphate buffer, pH 7.8; 200, ammonium ni- 
trate (16.4 N!®atom % excess in the ammonium ion) ; 200, 2-keto- 
3-deoxy-D-gluconic acid adjusted to pH 7.8; 60, mercaptoethanol; 
0.3 mg of pyridoxal phosphate; and 20 units of enzyme (diethyl- 
aminoethyl cellulose eluate freshly prepared from fresh cells). 
The mixture was incubated at 37° for 20 minutes and deprotein- 
ized by the addition of Ba(OH)2 and ZnSO, to precipitate the 
proteins. A control sample contained the same components 
excepting the glucosaminic acid which was added at the end of 
the incubation time. Analysis at this point showed that 45 
umoles of glucosaminic acid had disappeared from the complete 
reaction mixture. Glucosaminic acid was isolated in crystalline 
form from both solutions by adsorption on Dowex 1, hydroxy] 
form resin (200 to 400 mesh) and elution with 0.05 N acetic acid 
which yielded the substance in single symmetrical peaks in both 
cases. The samples were recrystallized, converted to ammonia 
by sulfuric acid digestion in the usual manner, and the N" con- 
tent of the samples determined in a mass spectrometer after 
conversion of the ammonia to Nz The N** content of the sam- 
ples was not significantly greater than the value obtained with 
glucosaminic acid per se. From these data, it was concluded 
that the reaction was not detectably reversible under the speci- 
fied conditions. 


DISCUSSION 


The data presented above indicate that p-glucosaminic acid 
is converted to equivalent quantities of 2-keto-3-deoxy-p-glu- 
conic acid and ammonia by a protein fraction obtained from an 
unidentified organism grown on D-glucosaminic acid as the sole 
This type of reaction is formally similar to 


source of carbon. 
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the dehydrase reactions involving serine and threonine and the 
enzyme has therefore been called p-glucosaminic acid dehydrase. 
Mechanisms have been proposed for the amino acid dehydrase 
reactions which require the participation of pyridoxal phosphate 
(38). In the present studies, pyridoxal phosphate has been 
implicated as a cofactor with enzyme preparations obtained from 
aged cells and the mechanism for the glucosaminic acid dehydrase 
reaction may therefore be similar to the amino acid dehydrase 
reactions. 

The preparations which required pyridoxal phosphate in the 
present studies also required a sulfhydryl compound, mercapto- 
ethanol being more effective than the other substances tested, 
including glutathione. On the other hand, AMP did not stimu- 
late the reaction, and there appeared to be no metal requirement. 
In considering the cofactor requirements of the amino acid de- 
hydrases, no generalization can apparently be made since some 
of the preparations required pyridoxal phosphate, and others 
required glutathione, AMP, metal ion, and so forth (26-37). 

Although 2-keto-3-deoxy-p-gluconic acid 6-phosphate is known 
to be an intermediate in the dissimilation of glucose by certain 
Pseudomonas species (9, 39, 40), the free acid was not described 
before our original communication (5). Similar results were in- 
dependently obtained by Imanaga (6). 

As reported by Ashwell et al. (41), the keto acid is an inter- 
mediate in uronic acid metabolism in E. coli. Preliminary ex- 
periments in the present studies and in those by Imanaga suggest 
the presence of a kinase for 2-keto-3-deoxy-p-gluconic acid in 
the respective extracts; recently, the kinase reaction has been 
more clearly defined by Cynkin and Ashwell (42). The product 
of the reaction is the 6-phosphate ester which can then be 
metabolized further to pyruvate and 3-phosphoglyceraldehyde. 
In this connection, it is of interest to note that p-galactose is 
metabolized by extracts of Pseudomonas saccharophila to 2-keto- 
3-deoxy-D-galactonic acid which is subsequently phosphorylated 
and cleaved (22). The formation of 2-keto-3-deoxy sugar acids 
has also been demonstrated in the metabolism of b- and L- 
arabinose by extracts of Pseudomonas saccharophila (43, 44). 

The demonstration that p-glucosamine is oxidized by extracts 
of Pseudomonas fluorescens to p-glucosaminic acid (4), the con- 
version of p-glucosaminic acid to 2-keto-3-deoxy-p-gluconic acid 
as indicated by the data presented here, and the further degrada- 
tion of the keto compound to trioses (41) thus present a possible 
pathway for p-glucosamine dissimilation in bacteria. Whether 
this pathway occurs to a significant extent in any organism has 
not yet been demonstrated. 


SUMMARY 


An unidentified organism, grown on D-glucosaminic acid as the 
sole source of carbon, yielded extracts which converted p-glucos- 
aminic acid to ammonia and 2-keto-3-deoxy-p-gluconic acid. 
The enzyme, designated p-glucosaminic acid dehydrase, was par- 
tially purified and was found to be different from the dehydrases 
which act on p- and t-hydroxyamino acids. The product, 2- 
keto-3-deoxy-p-gluconic acid, was obtained as its crystalline 
calcium salt. The reaction appears to be irreversible, and the 
enzyme required pyridoxal phosphate and a sulfhydryl compound 
for optimum activity. 
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In a previous investigation (1) the phenomenon of reversible 
metabolic swelling was described in which protoplasts of Strepto- 
coccus fecalis, osmotically stabilized with sucrose, or similar 
oligosaccharides, undergo a swelling reaction in the presence of 
glucose and K* ions. The swelling reaches a maximum when all 
of the added glucose has been converted to lactic acid, thereafter 
reversing spontaneously, and repeated additions of glucose result 
in new cycles of swelling and reversal of swelling. Certain prop- 
erties of reversible metabolic swelling appeared to be especially 
significant with regard to its mechanism. First, the swelling 
reaction, under appropriate conditions, is inhibited by Nat and 
restored by K+ without change in the rates of glycolysis; second, 
the reversal of swelling, like the swelling itself, is inhibited by 
fluoride and p-chloromercuribenzoate; and finally, when sucrose 
is replaced by other oligosaccharides the rate of reversible meta- 
bolic swelling varies with each particular sugar. These prop- 
erties suggested that the swelling reaction was due to a “down- 
hill’ penetration of the protoplast membrane by sucrose, or 
other oligosaccharide used as the osmotic stabilizer, and that 
this penetration resulted from a change in permeability which 
was dependent on glycolysis and K+ ions. The spontaneous 
reversal of swelling which follows the completion of glycolysis 
could be ascribed to an intracellular enzymatic attack on the 
oligosaccharide which had penetrated the protoplasts during the 
swelling reaction. Such enzymatic reactions, whether degrada- 
tive or polysaccharide forming, might yield products whose exit 
from the protoplasts would lead to the return of the protoplasts 
to their initial volume. This view of the reversal of swelling was 
proposed not only for the reasons mentioned earlier, but also 
because a spontaneous movement of the oligosaccharide as such 
from the inside of the protoplast into the medium in the face of 
an unfavorable concentration gradient in the absence of an energy 
source can be ruled out, and the concentration of the oligosac- 
charide inside the intact protoplast must always be lower than 
that in the medium, for otherwise the protoplasts would undergo 
osmotic lysis. Since the protoplasts are not osmotically stable 
in 0.1 M sucrose, it may be assumed that the difference in the 
concentration of sucrose between the inside and outside is always 
at least 0.1 M. 

It was also observed in the earlier experiments (1) that intact 
cells suspended in sucrose solutions behave somewhat differently 
from protoplasts in that the addition of glucose in the presence 
of K* ions results in an irreversible lysis with the production of 
cell wall ghosts and leakage of intracellular material into the 
medium. In as much as no such effect is observed in the absence 


* Supported by grant No. RG5810 from the United States Public 
Health Service. 


of sucrose, the mechanism of the reaction appeared to involve 
sucrose penetration just as in the case of metabolic swelling of 
protoplasts. 

The present paper describes the penetration of sucrose-C™ 
during the reversible metabolic swelling of protoplasts and the 
metabolic lysis of intact cells. Further experiments are reported 
concerning the role of extracellular electrolytes in metabolic 
swelling and an evaluation of an apparent dissociation constant 
of a K* complex involved in metabolic swelling will be presented. 
In addition, the action of phlorizin on metabolic swelling and 
sucrose-C™ penetration was investigated in view of the effects of 
this plant glycoside on sugar transport in mammalian systems 


(2). 


METHODS 


The procedures for the growth of cells and the preparation of 
protoplasts using lysozyme have been described in previous pub- 
lications (1, 3). Unless stated otherwise, the protoplasts were 
prepared in 0.4 m sucrose-0.075 m K phosphate, pH 6.2, and re- 
suspended in the same mixture at pH 7.2. The volume of the 
incubation mixtures was 5.0 ml and contained 3 to 4 mg per ml 
dry weight of cells or the equivalent of protoplasts. Metabolic 
swelling and reversal of swelling of protoplasts was followed by 
absorbancy measurements at 660 my in the Klett photometer 
(1). A fall in absorbancy corresponds to swelling of protoplasts 
whereas a rise in absorbancy corresponds to the reversal of swell- 
ing. Metabolic lysis of intact cells was followed by the fall in 
absorbancy at 660 my. All incubations were carried out at 38°. 

In order to measure the amount of C™ in the protoplasts or 
cells after incubation with sucrose-C', the incubation mixtures 
were cooled in an ice bath and centrifuged at approximately 
15,000 * g at 4°. The supernatant solution was then drained 
off and the pellet was washed twice by centrifugation with 10 
ml of 0.4 m sucrose containing the same buffer used in the initial 
suspension. The pellet was triturated and transferred with the 
aid of five 0.1-ml portions of water to a planchet containing a 
flat piece of lens paper to facilitate evenness of plating and then 
dried under reduced pressure over concentrated H.SO,. The 
samples were counted with an end window counter and the ap- 
propriate corrections for background and self-absorption were 
applied. The counts in duplicate samples differed by not more 
than 10%. 

Uniformly labeled sucrose-C“ was obtained from Nuclear- 
Chicago. Phlorizin was obtained from Mann Biochemical Com- 
pany and was recrystallized from hot water. 

Glucose was determined by the method of Nelson-Somogyi (4). 
The K* content of the protoplasts was determined by flame 


1281 


ngs, 

101. 
rror, 

147, 

220, 

tical 
any, 

148, 

193, 

ors), 

New 

ano- 
any, 

» O83 

» 190 

» 109 

Agr. 

Soc., 

» 745 

5859 

955). 

, 658 

938). 

171 

220, 

Biol. 
}, 249 

175, 

363 

957). | 

, 567 

hem. 

, 853 

749, 

m. et 

ings, 

. 103. 


1282 


photometry after treatment for several hours in 1 M nitric acid. 
The author is indebted to Dr. W. R. Frisell for the K+ analysis. 


EXPERIMENTAL AND RESULTS 


Penetration of Sucrose-C™ during Reversible Metabolic Swelling 
of Protoplasts—In order to test whether or not reversible meta- 
bolic swelling of protoplasts involves the inward and subsequently 
the outward movement of the carbohydrate osmotic stabilizer 
(or its metabolic products), a number of experiments were carried 
out with 0.4 m sucrose-C™ as the osmotic stabilizer. Glucose 
was added to a series of incubation mixtures at various time in- 
tervals after the start of incubation. At 90 minutes after the 
start of incubation the C™ content of the protoplasts in all the 
incubation mixtures was determined. In this way all of the 
protoplasts were exposed to sucrose-C™ for the same length of 
time but were removed for analysis of their C content at differ- 
ent stages of swelling and contraction. The results of a typical 
experiment are shown in Fig. 1. As can be seen from the curves, 
an inward movement of C™ followed by an outward movement 
took place which was concomitant with reversible metabolic 
swelling. 

The effect of 4 xX 10% m phlorizin on reversible metabolic 
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Fic. 1. Reversible metabolic swelling and sucrose-C"* penetra- 
tion of S. fecalis protoplasts. The suspending medium is 0.075 m 
K phosphate, pH 7.2-0.4 m sucrose-C'* (40 c.p.m. perymole). Re- 
action initiated by addition of 0.01 m glucose. Broken lines 
(— —), in the presence of phlorizin (4 K 10-3 


TABLE I 
Metabolically dependent penetration of sucrose-C'* into intact cells 


Suspending medium is 0.4 m sucrose-C'* (90 c.p.m. per umole) ; 
0.075 m K phosphate, pH 7.2; volume is 5.0 ml with 15 mg dry 
weight of cells; incubation for 30 minutes at 38°. 


Decrease i j 
Additions abeorbancy* 
pmoles 
Glucose (0.01 M)................. 55 3.1 


* Klett photometer units. 
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swelling and sucrose-C™ penetration is also shown in Fig. 1. It 
can be seen that in the presence of phlorizin both the rate and 
magnitude of metabolic swelling are enhanced and the reversal 
of swelling is incomplete. At the same time sucrose-C™ pene- 
tration is also enhanced by phlorizin. Although most of this 
C™ is “excreted” during the contraction phase, about 25% re- 
mained in the protoplasts in keeping with the incomplete reversal 
of swelling. These results are to be expected if the reversible 
swelling observed by absorbancy measurements is due to the in- 
ward and outward movement of sucrose or its derivatives. In 
this connection, there was no effect of phlorizin on the rate of 
glycolysis as determined by measurement of glucose disappear- 
ance. Further experiments showed that when phlorizin is added 
after the completion of metabolic swelling, it still prevents the 
complete reversal of swelling. The action of phlorizin is not 
restricted to sucrose, for when other oligosaccharides such as 
lactose or cellobiose are substituted for sucrose the metabolic 
swelling is also enhanced by phlorizin. 

Metabolic Penetration of Oligosaccharides into Intact Cells—In- 
tact cells, in contrast to protoplasts, do not require an osmotic 
stabilizer for their maintenance since they are confined by rigid 
cell walls and they are not damaged by glucose at the levels used 
in these experiments. However in the presence of 0.4 m sucrose 
plus 0.075 m K phosphate, pH 7.2, the addition of glucose results 
in an irreversible lysis with the production of ghosts (1). In 
order to test whether or not metabolic lysis of intact cells in- 
volves the movement of the extracellular sucrose into the cells, 
0.01 m glucose was added to cells suspended in 0.4 m sucrose-C™ 
plus 0.075 m K phosphate, pH 7.2. As shown in Table I, the 
addition of the glucose resulted in an influx of sucrose-C™ along 
with a fall in absorbancy corresponding to lysis. 

Metabolic lysis of intact cells is not restricted to an effect of 
sucrose, since it takes place in the presence of 0.4 m lactose and 
0.4 m raffinose as well as 0.4 m sucrose (Fig. 2). The fall in ab- 
sorbancy in each case is accompanied by a 2- to 3-fold increase 
in the extracellular A2go-absorbing material, which is in accord 
with the results of previous investigations with 0.4 m sucrose 
(1). The control suspension in buffer alone showed none of these 
effects on the addition of glucose. These results indicate that 
metabolic lysis of intact cells is the result of the penetration of 
the oligosaccharide into the cells. 

Effect of K+ and Nat on Metabolic Swelling and Oligosaccharide 
Penetration into Protoplasts—Earlier investigations (1) showed 
that metabolic swelling of protoplasts stabilized with 0.4 m su- 
crose requires the addition of K+ ions provided that the proto- 
plasts are first prepared in the absence of K+ and then resus- 
pended in a solution of the osmotic stabilizer containing Nat 
ions. Under these circumstances, the rate of metabolic swelling 
was dependent on the concentration of added K* and additional 
Na?* was inhibitory. 

In order to test the effect of K+ and Na+ on metabolic sucrose- 
C penetration, protoplasts were prepared in 0.4 m sucrose plus 
0.075 m Na phosphate, pH 6.2, and resuspended in 0.4 m sucrose- 
C™ plus 0.075 m Na phosphate, pH 7.2. In order to obtain a 
greater magnitude of sucrose-C™ penetration, phlorizin (4 X 
10-* m) was added. The results are shown in Table II. It is 
evident that the addition of glucose resulted in sucrose-C™ pene- 
tration only into the protoplasts to which K*+ ions had been added 
and that such protoplasts had a higher intracellular content of 
K+ than those to which no K+ had been supplied. Furthermore, 
additional Nat partially reversed the effect of K+. It is to be 


/ 

ce 
ch 
Gl 
no 
COl 

Os 

in 
fine 
Swe 

(a 

dif 
is ¢ 
cen 
(5), 

to 

swe 
con 

val 
tion 
(see 
T 
: to t 


0.8 


A. Abrams 


1283 


TaBLeE II 
Effect of glycolysis, K+, and Na* on penetration of sucrose-C' into 
K*-depleted S. fecalis protoplasts 
Protoplasts prepared in 0.4 M sucrose plus 0.075 m Na phosphate, 
pH 6.2, and resuspended in 0.4 Mm sucrose-C'* (90 c.p.m. per umole), 
0.075 m Na phosphate, pH 7.2 and 4 X 10-* phlorizin; incubation 


CONTROL 
0.7 
0.8] \ 
\ 0.4 MSUCROSE 
> ‘ 
07 
Z -- 
oe 
O ¥ 
DH 0.8 
\ 
< 0.4 M LACTOSE 
0.7 


0.7 


0.4 M RAFFINOSE 
0.6 4 
5 50 75 
MINUTES 


Fic. 2. Dependence of metabolic lysis of intact cells on extra- 
cellular oligosaccharides. The medium contained 0.4 m oligosac- 
charide as indicated plus 0.075 m K phosphate buffer, pH 7.2. 
Glucose (0.01 mM) added at time indicated by arrow. 


noted also that these effects of K+ and Na+ were not secondary 
consequences of changes in the rate of glycolysis. 

K-Na antagonism was observed with other oligosaccharide 
osmotic stabilizers besides sucrose, as shown in an experiment 
in which the sucrose was replaced by 0.4 M lactose or 0.4 M raf- 
finose. In both cases (Table III), K+ was required for metabolic 
swelling and its effect was inhibited by Nat. 

The relation between the initial rate of metabolic swelling 
(absorbancy change in 5 minutes) and K+ concentration at two 
different concentrations of Na+ is shown in Fig. 3. The system 
is characterized by “‘saturation”’ kinetics with respect to K+ con- 
centration and is inhibited by Na*. When the data of Fig. 3 
are plotted according to the procedure of Lineweaver and Burk 
(5), they yield straight lines (Fig. 4). Thus the kinetics conform 
to a Michaelis-Menten type relationship in which a reversible 
complex between K* and a binding site determines the rate of 
swelling. The calculated apparent dissociation constant for this 
complex, in the presence of 0.124 m NaCl, is 1.5 X 10°? m. This 
value must not be taken too literally since the actual concentra- 
tion of K+ at its probable site of action inside the cell is not known 
(see next section and “‘Discussion’’). 

The inhibition by Na* shown in Fig. 4 does not conform strictly 
to the competitive type since the intercepts do not coincide. 


for 30 minutes at 38°; glucose added at zero time. 


+; Sucrose-C!# 

pmoles % pmoles 
3.8 2.5 
Glucose (0.01 m) + KCl (0.01 m).... 7.4 90 6.5 

Glucose (0.01 m) + KCl (0.01 m) + 


* The rate of glycolysis was the same in each experiment in 
which glucose was utilized. 


TABLE III 
Effect of K* and Na* on metabolic swelling of protoplasts osmotically 
stabilized with different oligosaccharides 
Protoplasts prepared in 0.4 M sucrose-0.075 mM Na phosphate, pH 
6.2, and resuspended in the oligosaccharide indicated plus 0.075 
M Na phosphate, pH 7.2. 


Decrease in absorbancy in 5 
minutes* 
Additions 
Sucrose Lactose | Raffinose 
0.4M 0.4 M 
Glucose (0.01 M)..................... 18 15 0 
Glucose (0.01 m) + KCI (0.005 M).... 82 70 69 
Glucose (0.01 m) + KCl (0.005 m) + 
40 27 | 3d 


* Klett photometer units. 


However, the displacement of the intercept is only slight com- 
pared to the change in slopes, and it may be presumed therefore 
that the Na* inhibition is for the most part competitive with a — 
relatively small noncompetitive component. 

Reversible Metabolic Swelling of Protoplasts in Absence of Extra- 
cellular Electrolytes—In order to demonstrate that reversible 
metabolic swelling of protoplasts was not dependent on the pres- 
ence of extracellular K+, or extracellular electrolytes in general, 
an experiment was performed in which no electrolytes were pres- 
ent in the extracellular environment. For this purpose the pro- 
toplasts, prepared in the usual manner in K phosphate-0.4 m 
sucrose mixtures, were washed twice with 0.6 m sucrose by centrif- 
ugation at 4° and finally suspended in 0.6 m sucrose alone. Pro- 
vision was made for the maintenance of a constant pH of 7.0 
during glycolysis by means of the continuous automatic addition 
of a small volume of NaOH to neutralize the lactic acid produced 
(6)... Under these conditions the addition of 0.0025 m glucose 
caused a swelling reaction as indicated by a progressive fall in 
absorbancy of the protoplast suspension from an initial value of 
0.69 to a minimum value of 0.50 which was reached at the time 


1 Radiometer pH-stat (Welwyn International, Inc., Cleveland 
Ohio). 
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MOLARITY OF K* 


Fic. 3. Dependence of initial rate of metabolic swelling (fall 
of absorbancy in 5 minutes after the addition of 0.01 m glucose) on 
K* concentration and its inhibition by Nat. Protoplasts pre- 
pared in 0.15 m tris(hydroxymethyl)aminomethane-phosphate, pH 
6.2-0.4 mM sucrose and resuspended in the same mixture at pH 7.2 
plus NaCl as indicated. 


of the completion of glycolysis. Thereupon a spontaneous re- 
versal of swelling took place, the absorbancy finally returning to 
the initial value. 


DISCUSSION 


The experimental] findings presented here, as well as those 
contained in a previous report (1) support the view that the 
penetration of the permeability barrier of Streptococcus fecalis by 
a variety of oligosaccharides depends upon the production of 
energy and the presence of K+. The oligosaccharides used in 
these experiments are considered to be essentially impermeable 
to the resting protoplasts because the osmotic stabilization of the 
protoplasts by these compounds is dependent solely on this prop- 
erty. The appearance of some sucrose-C" in the resting proto- 
plasts indicates that leakage does occur in the absence of added 
glucose but apparently not to an extent incompatible with the 
stability of the protoplasts. In any case the addition of glucose 
leads to a further penetration of sucrose-C™ concomitant with 
the swelling reaction, both being markedly enhanced by phlori- 
zin. After the added glucose is exhausted, the penetration of 
sucrose-C ceases, and C™, presumably in the form of products 
of sucrose metabolism, leaves the protoplasts concomitant with 
the reversal of swelling in accord with the interpretation given 
to the reversal of swelling in a previous paper (1) (see introduc- 
tion). 

Metabolic activity on the part of the cells, glycolysis in this 
case, seems to promote the entry of the oligosaccharides even 
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0.030 


0.025 


0.248 M NaCl 


y 0.015 
“0.124 M NoCl 


) 100 200 300 400 500 


Fic. 4. Plot of reciprocal of initial rate of metabolic swelling 
(1/v) against reciprocal of K* concentration. Data from Fig. 3. 


though under the conditions of these experiments the concentra- 
tion gradient provides a driving force for a “downhill” penetra- 
tion. It would appear then that the impermeable state of the 
protoplast membrane in the resting cell, with respect to oligo- 
saccharides, is changed to a permeable state in glycolyzing cells 
in the presence of K+. It is conceivable that such a transforma- 
tion could be brought about by the interaction of adenosine 
triphosphate (ATP) and K+ with structural elements of the 
membrane. In this event the membrane would remain perme- 
able as long as ATP was being generated by glycolysis, and upon 
the cessation of glycolysis the breakdown of the ATP membrane 
complex would result in a return of the membrane to its initial 
impermeable state. In this connection it is of interest to mention 
that S. fecalis protoplast membrane preparations obtained by 
osmotic shock have strong ATPase activity (unpublished exper- 
iments of A. Abrams and P. McNamara). Other investigators 
have reported ATPase activity at the surface of yeast cells (7), 
erythrocytes (8), rat diaphragm (9), and nerve axons (10), and 
some preliminary evidence has been reported implicating mem- 
brane ATPase activity in the transport of cations into erythro- 
cytes (11). 

With respect to the action of K+ ions, the experiments re- 
ported here fully confirm the conclusions drawn from earlier 
experiments (1) that K+ is required for metabolic penetration of 
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oligosaccharides into protoplasts and that the site of its action 
is intracellular. Thus, in the present experiments, protoplasts 
washed in sucrose and suspended in sucrose alone undergo revers- 
ible metabolic swelling upon the addition of glucose in the absence 
of K* (or other electrolytes) in the incubation medium. However, 
if protoplasts are depleted of their intracellular K+ by preincuba- 
tion in a K+-free medium and then resuspended in a medium 
containing Na*, they no longer undergo swelling during glycolysis 
(Table III and (1)), nor do they allow metabolic sucrose-C" 
penetration (Table II). The addition of K+ to the medium and 
its subsequent uptake by the protoplasts restores both their 
ability to undergo metabolic swelling and to allow sucrose-C'* 
penetration.” 

The K+ complex whose existence is inferred from the “satura- 
tion” kinetics displayed by the dependence of the rate of meta- 
bolic swelling on K+ concentration (Fig. 3 and Fig. 4), has an 
apparent dissociation constant of 1.5 * 1073 m in the presence 
of 0.124 m Nat. This dissociation constant is to be regarded 
as an apparent value because it is based on the extracellular 
concentration of K+, whereas, as discussed above, the site of 
action of K+ in potentiating metabolic swelling is intracellular, 
where its concentration presumably is quite different. Nat ions 
inhibit competitively the effect of K+, presumably because they 
can be bound at the same sites. : 

It is of interest to note that other investigators have observed 
a stimulation by K+ of glucose transport across the intestinal 
wall (12) and glycine transport into ascites tumor cells (13). 

The mechanism of action of phlorizin in its stimulation of the 
metabolic penetration of oligosaccharides into protoplasts is not 
known. However, it seems more than fortuitous that in every 
instance where an action of phlorizin on organized systems has 
been observed, whether it be the kidney (2), intestine (12), red 
blood cells (2), ascites tumor cells (14), mitochondria (15, 16) 
or in the present study with bacterial protoplasts, its action is 
consonant with an interaction with a membrane system. 


SUMMARY 


Evidence has been presented which indicates that glycolysis 
in the presence of K+ ions promotes the entry of oligosaccharides 


?Rb* ions, but no other of a number of monovalent cations 
tested, can replace K*t in promoting metabolic swelling (1), and in 
doing so is taken up by the protoplasts as indicated by measure- 
ments with radioactive Rb®* (unpublished experiments). 
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into protoplasts which are osmotically stabilized with such com- 
pounds. The glucose dependent entry of sucrose-C™ is con- 
comitant with a swelling reaction and both processes are en- 
hanced by phlorizin. Upon the completion of glycolysis, C™ 
leaves the protoplasts concomitant with a reversal of swelling. 
Glucose also promotes the penetration of sucrose-C™ into intact 
cells. 

K* ions are required for the metabolically dependent penetra- 
tion of sucrose-C™, and its action is competitively inhibited by 
Nat. The site of action of K+ appears to be intracellular. The 
effect of extracellular K+ concentration on the rate of metabolic 
swelling follows “saturation” kinetics of the Michaelis-Menten 
type with an apparent K,, = 1.5 X 1073 M. 
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In a previous publication (1, Paper V of this series) the puri- 
fication and properties of the inositol-cleaving enzyme were de- 
scribed. It was shown that a highly purified enzyme was ob- 
tained from rat kidneys which cleaved inositol to p-glucuronic 
acid. The purified enzyme was shown to possess SH groups and 
1 gram atom of iron per mole of enzyme. Both the SH groups 
and the iron are necessary for catalytic action. 

This report concerns itself with further studies of the mecha- 
nism of action of this enzyme. Data are presented on the site 
of cleavage of inositol,! the origin of the oxygen atom which ap- 
pears in the carboxyl group of glucuronic acid, and the interac- 
tion of the enzyme with a number of substances related to inosi- 
tol. 


EXPERIMENTAL 


Materials—Inositol-2-C™“ was a generous gift of Dr. Laurens 
Anderson. It was diluted with nonradioactive inositol and 
crystallized to constant specific activity of 21, 124 c.p.m. per 
umole (m.p. 125°). Its purity was further confirmed by deter- 
mining its specific activity after ion exchange chromatography 
on Dowex 1 (borate form), and by paper chromatography in 
three different solvent systems (3). The localization of C" 
within the inositol molecule was determined by Dr. Anderson 
and was found to be in carbon atom 2 to the extent of 98% or 
more. Uniformly labeled glucose-C“ was a product of the 
Tracerlab Inc. Uniformly labeled p-glucuronate-C™ and p-glu- 
curonolactone-C'* were prepared enzymatically from uniformly 
labeled inositol-C™“ with the use of the purified kidney enzyme 
reported earlier (1). The uniformly labeled inositol-C™ used in 
this experiment was a generous gift of Professor Friedrich Wey- 
gand. t-Gulonate-C™ and tL-gulonolactone-C™ were prepared 
from uniformly labeled p-glucuronate-C™ as described later in 
this paper. myo-Inosose-2 and DL-ept-inosose-2 were prepared 
by the method of Posternak (4). D-myo-Inosose-1, L-myo-in- 
osose-1, and D-epi-inosose-2 were furnished by Dr. Laurens An- 
derson. A reductone of pDL-epi-inosose-2 (m.p. 152°) was pre- 
pared according to the method of Euler and Glaser (5). H,0% 
containing 13 atom % excess of O*, and O2% containing 98.0 
atom % excess O"8 were purchased from the Weizmann Institute, 
Rehovoth, Israel. The remaining compounds used in the present 
studies were obtained from commercial sources. 

Enzyme Preparation—Unless otherwise indicated, the highly 

* Supported by Grant No. 2228 (C5) of the National Institutes 
of Health, United States Public Health Service, Bethesda 14, 


Maryland. 
1A preliminary communication on this aspect of our studies 


has appeared (2). 


purified enzyme which only cleaves inositol to p-glucuronate (1) 
was used. In other instances so indicated in the text, the crude 
enzyme extract which cleaves inositol to both p- and L-glu- 
curonates was used. This extract was partially purified by 
centrifugation in the Spinco ultracentrifuge at 37,000 r.p.m. fol- 
lowed by dialysis. Glucuronic acid was determined colori- 
metrically (1). 

Radwoactiwity Measurements—Radioactive samples were plated 
on copper planchets at infinite thinness and counted in window- 
less gas flow counters. 

Mass Spectrometry—Analyses for O"8 content of various sam- 
ples were performed in collaboration with Dr. Frank Eisenberg, 
Jr., and Mr. William E. Comstock of the National Institutes of 
Health. The mass spectrometer used was the Consolidated 
Engineering Corporation model 21-401. The O* content of the 
gas phase from the incubation flasks was determined from the 
ratio of mass 36 to masses 34 and 32. The method used to sam- 
ple the gas phase is described later in this paper. In the case of 
organic compounds their O* content was determined as follows: 
The isolated pure compounds were dried and pyrolyzed for 1 
hour at 400° with dried HgClz as catalyst according to the method 
of Rittenberg and Ponticorvo (6). The COz formed (containing 
the O') was analyzed in the mass spectrometer and the enrich- 
ment in O08 was obtained from the formula: 


100R(1 + R’) 
Atom % = R(1 + R’) 


where R is the ratio of mass 46 over masses 44 plus 45 and R’ is 
the ratio of mass 45 over mass 44. The O" content of water of 
the incubation mixture was determined as follows: Water was 
obtained by distillation of an aliquot of the incubation mixture 
from the frozen state under reduced pressure. Two milliliters 
of this water and 0.3 ml of pure benzoy] chloride were introduced 
into a Pyrex tube. The tube was sealed and heated in an oven 
at 120° for 3 hours. The resulting benzoic acid containing the 
O"8 was extracted with ether and purified by sublimation.? The 
crystalline benzoic acid was pyrolyzed and the O* content of the 
resulting COz was determined as described above. Pure, dry 
tank COz was used as standard. Under the conditions used in 
the mass spectrometry the reproducibility of a ratio of the same 
sample was +0.3%. For a sample with 0.2 atom % excess of 
O'8 the maximal error is of the order of 0.5%. The procedure 
used to introduce the CO; from the pyrolysis tubes into the mass 
spectrometer was the same as described by Rittenberg and Ponti- 


2 I am indebted to Dr. Frank Eisenberg, Jr., for making this 
method available before publishing it. 
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corvo (6) except that the COz was passed through an additional 
Dry-Ice-acetone trap before it was admitted to the inlet system 
of the mass spectrometer. Liquid nitrogen noncondensible gases 
were absent. 

Experiments with Inositol-2-C—In order to determine the 
site of cleavage of inositol, experiments were performed with 
inositol-2-C" as substrate and the resulting isolated glucuronates 
were degraded and the distribution of C™“ determined. Two 
such experiments were performed in which the purified enzyme 
that cleaves inositol exclusively to p-glucuronate as well as the 
crude dialyzed enzyme extract which forms both p- and t-glu- 
curonates were used separately. 

Isolation of Radwactive Glucuronates—The radioactive glu- 
curonates formed from inositol were isolated by ion exchange chro- 
matography and were converted to their lactone (7). Approxi- 
mately 20 umoles of each lactone were isolated and the optical 
rotations were estimated. The lactones were quantitatively re- 
covered from the polarimeter tubes and an aliquot was plated 
and counted in order to determine their specific activity (counts 
per minute per umole.) 

Reduction of Radioactive Glucuronic Acids to Corresponding 
Gulonic Acids—In order to determine the distribution of C™ in 
the radioactive glucuronolactones, the degradation scheme out- 
lined in Diagram 1 was followed. Radioactive glucuronolactone, 
20 wmoles, isolated from the incubation mixture containing the 
purified enzyme (D-glucuronolactone), was dissolved in 1 ml of 
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water and diluted with a 10-fold excess of nonlabeled p-glu- 
curonolactone. The lactone was converted to sodium glu- 
curonate by careful addition at 0° of an equivalent amount of 0.1 
M NaOH. In asimilar manner, the radioactive glucuronolactone 
formed by the crude enzyme system (p.L-glucuronolactone) was 
diluted with a 10-fold excess of nonlabeled, pt-glucuronolactone 
(prepared from a similar experiment with nonradioactive inositol) 
and was converted to the sodium glucuronate as described above. 
The two samples of sodium glucuronate were crystallized from 
ethanol to constant specific activity. The purity of the crystal- 
line glucuronates was further confirmed by paper chromatog- 
raphy (7). The two samples of radioactive glucuronates, 162 
pumoles each, were dissolved separately in 2 ml of 0.1 m boric 
acid, and 2 ml of a freshly prepared, ice-cold solution of 0.130 m 
NaBH, in 0.1 n NaOH was added. The reaction was allowed to 
proceed at 22°. Reduction of the glucuronates to the gulonates 
was complete by the end of 1 hour. To each reaction mixture, 
0.5 g of Amberlite IR 120 (H*) was added in order to destroy 
excess NaBH, and the resin-free solutions were concentrated to 
approximately 2 ml under vacuum from a bath temperature of 
40°. The boric acid present in the concentrated solutions was 
removed by the addition of 10 ml of methanol followed by evap- 
oration to dryness. The addition of methanol and the evapora- 
tion to dryness were repeated four more times. To each flask 
containing the respective gulonolactone, 4 ml of ethanol were 
added and the flasks were manually swirled until crystallization 


DIAGRAM 1 
Chemical degradation and distribution of C'4 in p-glucuronic acid derived from enzymatic cleavage of inositol-2-C'4 
The numbers indicate the carbon atoms of inositol and the figures in parentheses indicate the yields at each step. The same C4 


distribution was obtained in the case of pL-glucuronate. 
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began. ‘The flasks were chilled at 7° overnight and the crystal- 
line precipitate filtered, washed with absolute ethanol, and dried 
in the vacuum dessicator over P2O;. About 145 ywmoles of 
gulonolactone were recovered from each sample (90% yield). A 
small amount of the crystalline product was dissolved in water 
and an aliquot was plated and counted in order to determine the 
specific activity. The radioactive gulonolactones were recrys- 
tallized from a concentrated aqueous solution to constant specific 
activity and their optical rotation and melting points were deter- 
mined. 

Degradation of Gulonolactones—The two samples of radioactive 
gulonolactones, 113 wmoles each, were separately dissolved in 3 
ml of water and titrated with the equivalent amount of a 0.1 m 
solution of NaOH. The solutions were allowed to stand at room 
temperature for 30 minutes and 2.6 ml of an ice-cold 0.2 m solu- 
tion of periodic acid was added. ‘The reaction flasks were incu- 
bated at 18° in the dark for 40 minutes. It was shown in pre- 
liminary experiments that, under these conditions, 1 mole of 
gulonate is oxidized to 1 mole of formaldehyde, 1 mole of glyoxylic 
acid, and 3 moles of formate with the consumption of 4 moles of 
periodic acid. These results are similar to those reported by 
Fleury et al. (8) for the periodic acid oxidation of gluconic acid. 
The oxidation products were isolated after removal of excess 
priodate and iodate salts as insoluble barium salts. Each of the 
two supernatant fluids containing the formaldehyde, the formate, 
and the glyoxylate was treated with Amberlite IR 120 (H*) to 
remove excess barium ions and the mixture was concentrated to a 
sirup by vacuum distillation at a bath temperature of 40°. The 
glyoxylic acid remaining in the distillation flask was determined 
colorimetrically and was isolated as the crystalline sodium salt. 
Its purity was determined as described elsewhere (9). A small 
amount of the salt was dissolved in water and used for radioac- 
tivity measurements. Approximately 96 ywmoles of glyoxylate 
were obtained from each sample (85% yield). The distillate 
from the distillation mentioned above was used for the estima- 


tion and isolation of formaldehyde (10) and of formic acid (9). 


Appropriate amounts of the isolated crystalline (m.p. 191°) 
dimedon derivative of formaldehyde and of sodium formate were 
plated and counted. The yields of formaldehyde and formate 
were 98 and 100%, respectively. 

Since all the radioactivity of the degraded gulonates was found 
in the fraction containing the glyoxylate, the 2 ,4-dinitrophenyl- 
hydrazone of the radioactive glyoxylates was prepared with 50 
pmoles of each of the two glyoxylic acid samples (m.p. 191°). 
The specific activity of this derivative agreed very well with that 
of the original sodium glyoxylates. 

Degradation of Sodiwm Glyoxylates—The radioactive glyox- 
ylates, 30 umoles each, were further oxidized by periodic acid to 
equimolar amounts ef CO, and formate which were isolated and 
counted (9). 

Experiments with O¥8—In the conversion of inositol to glu- 
curonate one atom of oxygen is bonded enzymatically on carbon 
atom 1 of inositol which subsequently becomes the carboxy] of 
glucuronate. From the standpoint of the mechanism of this 
reaction it is important to know whether the enzyme activates 
molecular oxygen and incorporates it into the carboxyl group or 
whether at a certain stage the mechanism involves hydration 
followed by dehydrogenation. In order to determine the origin 
of the oxygen of the carboxyl group of glucuronate, experiments 
were performed in which O,"* and HO" were used separately. 
In those experiments in which H,O" was used as the source of 
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O}8, all the reagents, with the exception of the enzyme, were dis- 
solved in HzO", Control vessels containing sodium glucuronate 
but with no added inositol were run at the same time. These 
control vessels served to detect any possible exchange of O'* be- 
tween H,O" and glucuronate. All vessels were run in duplicate. 
The glucuronates formed were isolated from the reaction mixtures 
as described earlier in this paper except that the ion exchange 
chromatography was performed at 4° and the solutions contain- 
ing the eluted glucuronates were concentrated by lyophilization 
in order to prevent lactonization of the glucuronates with result- 
ing loss of O'8 content. Experiments confirming that no lac- 
tonization occurs under these conditions are described below. 

When O,'8 was employed as the sole source of O8, the compo- 
sition of the incubation mixtures was identical to that described 
for the H,O" experiments except that the reagents were dissolved 
in ordinary distilled water and the gas phase was oxygen contain- 
ing 95.8 atom % excess of 08. Special reaction vessels were used 
in these experiments in order to allow introduction of the 0% 
gas and sampling of the gas phase at the end of the incubation. 
Briefly, the reaction was carried out in round bottom, 16-ml 
flasks each with two necks fitted with high vacuum stopcocks. 
One of the stopcocks was connected through a ground glass joint 
to an adapter leading to the O,'* reservoir. By means of a side 
arm on the adapter the entire system could be evacuated. The 
various solutions, with the exception of the enzyme, were pipetted 
into the reaction flasks and were frozen by immersing in Dry- 
Ice-acetone. The flasks were evacuated for 10 minutes and 
were then allowed to thaw. Freezing and evacuation of the 
flasks followed by thawing was repeated three more times. The 
evacuated flasks were placed in ice and the enzyme solution was 
introduced, care being taken to prevent air from entering the 
vessels. The flasks containing the cold but unfrozen solutions 
were evacuated once more for 10 minutes. No bumping occurred 
during this period. The flasks were then attached to the reser- 
voir containing the O8 oxygen and were filled with the gas at a 
positive pressure of 5 cm of mercury. Incubation was carried 
out at 35° for 50 minutes and the reaction was stopped by im- 
mersing the closed vessels in a Dry-Ice-acetone bath. Sampling 
of the gas phase of the incubated vessels was carried out by at- 
taching each vessel to the adapter carrying a “sampling tube.” 
The latter was an 8-ml Pyrex tube with a break-seal. After 
evacuating the adapter and the sampling tube, gas from the re- 
action vessel was admitted into the sampling tube, which was 
then sealed and used for analysis in the mass spectometer as de- 
scribed earlier for the COz" analyses. Duplicate gas samples of 
each reaction vessel could be obtained without difficulty. 


RESULTS 


Experiments with Inositol-2-C''—The conversion of radioactive 
inositol to glucuronate by the crude enzyme extract and the puri- 
fied enzyme is demonstrated in Table I. The distribution of 
radioactivity in the two samples of glucuronic acid was deter- 
mined after degrading them by the procedure outlined in Dia- 
gram 1 and the results obtained are summarized in Table LI. 
It is seen that all the radioactivity of both samples of glucuronic 
acid was found in the glyoxylate fraction which was derived from 
carbon atoms 5 and 6 of glucuronic acid (carbon atoms 2 and 1 
of inositol), The further oxidation of the radioactive glyoxylates 
by HIO, to equimolar amounts of formate and COz revealed 
that all the C™ was contained in the formate fraction and none 
in the COz fraction. Thus, the present findings show that the 
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C™ of the glucuronates formed from inositol-2-C is located in 
carbon atom 5 (next to the carboxyl) of both the pL- and p-glu- 
curonate. 

Experiments with O%—When the purified enzyme was incu- 
bated with inositol in the presence of H,0" the isolated glu- 
curonate contained no O¥8. However, when oxygen gas was used 
as the sole source of O}8, 1 atom of O'8 was found per molecule of 
glucuronate isolated. No O" was fixed in the glucuronate when 
the enzyme was incubated with glucuronate, instead of inositol, 
in the presence of H,O"8 and O,. The results are summarized 
in Table ITI. 

Lack of Lactonization of Glucuronate-O¥ during its Isolatuon— 
In the experiments with O" it was necessary to demonstrate that 
no lactonization of the glucuronate occurred during its isolation. 
Lactonization would cause loss of incorporated O" which could 
amount to as much as 50% of the original content of O8. To test 
this possibility, two kinds of experiments were performed with 
the use of the isolation procedure of glucuronate described for 
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TABLE [ 
Isolation of biosynthetic glucuronate-C'* 


Crude enzyme extract (5 mg of protein) and 200 ug of highly 
purified enzyme were incubated separately in the presence of 0.1 
M phosphate buffer, pH 7.2, 0.1 M inositol-2-C' with a specific 
activity of 21,125 c.p.m. per wmole, and water to a final volume of 
4ml. The incubation was carried out at 35° for 50 minutes with 
oxygen as gas phase. The synthesized glucuronic acids were 
isolated by ion exchange chromatography and were converted to 
their lactones. 


Isolated glucuronolactone-C'4 


Enzyme preparation 


Amount _|Specific activity 
umoles c.p.m./pmole 
Crude dialyzed extract.... 21.4 20 , 857 no rotation 
Highly purified enzyme....;| 19.5 21,218 +18.6° 


* Equilibrium values (c = 1 in H2O,1 = 1 dm). 


TABLE II 


Degradation of radioactive glucuronolactones 


The biosynthesized radioactive glucuronolactones were reduced to the corresponding gulonolactones. 


These were further oxidized 


by HIO, to glyoxylate, formate, and formaldehyde and the distribution of radioactivity in the various compounds was determined. 


Details in text. 


Yield Specific activity [a)?3* Melting point 
Isolated compound 
Crudet Purifiedt Crudet Purifiedt Crudet Purifiedt Crudet Purifiedt 
% % c.p.m./pumole 

Gulonolactone..................... 90 89 20 , 702 20,796 0 +56° 161° 185° 
85 85 21,105 20 , 285 
2,4-Dinitrophenyl hydrasone_ of 

Formaldehyde........ 98 98 0 0 


= 1 in H.O,1 = 1 dm. 


+ This refers to the crude dialyzed extract and the purified enzyme respectively. The purified enzyme had a specific activity (units 


per mg of protein) of 300 (1). 


the O¥ experiments. In one set of experiments the glucuronate 
formed from inositol was estimated colorimetrically and examined 
by paper chromatography (7) for the presence of lactone at 
various stages during its isolation. It was found that when the 
solution containing the glucuronate eluted from the Dowex 1 
column with 0.4 N acetic acid was concentrated to dryness by 
distillation at 30° as much as 15% lactonization occurred. When 
the solution was concentrated by lyophilization less than 1% 
lactonization took place. 

In another set of experiments glucuronate containing O* in 
the carboxyl group was prepared by titrating glucuronolactone 
with the equivalent amount of NaOH prepared in H,O%. The 
solution of glucuronate-O" was divided into two equal portions 
and one of them was used directly to isolate glucuronate by al- 
cohol erystallization whereas the other portion was! passed 
through the isolation procedure used in the O experiments. 
The isolated glucuronates were analyzed for O8 content by mass 
spectrometry. It was found that the O contents of the two 


samples of glucuronate were identical, thus demonstrating that 
no lactonization occurred during the isolation. 

Possible Intermediates in Conversion of Inositol to Glucuronate— 
In an attempt to identify intermediates formed in the conversion 


of inositol to p-glucuronate, uniformly labeled inositol-C™ was 
incubated with the purified enzyme in the presence of various 
amounts (1 to 30 umoles) of each of the following compounds: ~ 
D-glucose, L-gulose, L-gulonolactone, L-gulonate, L-ascorbate myo- 
inosose-2, D-myo-inosose-1, L-myo-inosose-1, D-epi-inosose-2, and 
DL-ept-inosose-2. The isolated radioactive glucuronate from 
each of these incubations was counted and its specific activity 
was determined. In all cases it was found that the specific ac- 
tivity of the isolated glucuronate did not differ significantly from 
that of the radioactive inositol. In other experiments in which 
the above compounds were incubated individually with the en- 
zyme in the absence of inositol no evidence for the formation of 
glucuronate was obtained. 

Enzyme Inhibition by Compounds Related to Inositol—In some 
of the experiments mentioned above it was observed that the 
presence of various inososes in the incubation mixture caused a 
marked inhibition of the formation of glucuronate. A systematic 
study of this phenomenon was undertaken and the results are 
summarized in Table [V. It is seen that these inososes cause 
marked inhibition of the enzymatic activity. p-Inositol, L-ino- 
sitol, scyllitol, and pinitol were without effect. 

Lack of HzOz Formation during Cleavage of Inositol to Glu- 
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TaBLe III 
Incorporation of O'8 into p-glucuronate formed from inositol 
One milliliter of purified enzyme was incubated in 0.1 m phos- 
phate buffer, pH 7.2, at 35° for 50 minutes. Inositol (0.1 mM) or 
glucuronate (3.3 X 10-3 m) was added separately in the respective 
flasks. Final volume was 6 ml. 


Atom % excess od O'8 in 
Source of O'* Substrate added 
Observed Expectedt 
O,'8 (95.8 atom % | Inositol 56 1.6912 1.7107 
excess) Inositol 56 1.7084 1.7107 
Glucuronate 0 zero zero 
H.O'* (10.0 atom % | Inositol 64 zero 0.1563 
excess) Inositol 64 0.0002 0.1563 
Glucuronate 0 zero zero 


* This expresses the degree of dilution that the incorporated 
atom of oxygen into glucuronate underwent by the remaining 
oxygen atoms of the biosynthetic as well as the carrier glucuron- 
ate. 

t Calculated from the atom % excess of the O"* source and the 
dilution factor. 


TABLE IV 
Inhibition of formation of glucuronate from 

inositol by various Inososes 
The incubation mixture contained 100 umoles of inositol, 100 
pmoles of phosphate buffer, pH 7.2, 75 ug of purified enzyme, and 
additions as indicated, in a final volume of lml. Incubation was 
carried out at 35° for 15 minutes in an atmosphere of oxygen. 

Glucuronate was determined colorimetrically. 


Additions a. Enzymatic activity 

% 

100 
p-myo-Inosose-1.......... 3.6 1073 76 
p-myo-Inosose-1.......... 4.0 X 0 
L-myo-Inosose-1 .......... 4.0 82 
L-myo-Inosose-1.......... 5.0 10-3 10 
myo-Inosose-2........... 1x 10°3 94 
myo-Inosose-2........... 10°3 48 
DL-epi-Inosose-2.......... 1 X 10-3 68 
pL-epi-Inosose-2.......... 1.5 X 10°% 0 


curonate—Since the conversion of inositol to glucuronic acid in- 
volves the loss of 2 hydrogen atoms, it was important, from the 
standpoint of the enzymatic mechanism, to determine the fate 
of these hydrogens. It was reported earlier that the purified 
enzyme contained no pyridine nucleotide or flavin coenzymes (1). 
It was also shown that added pyridine nucleotide coenzymes are 
not reduced in this reaction. The possibility remained that the 
hydrogen atoms released from inositol form HzOz with molecular 
oxygen. Respirometry experiments were therefore performed in 
which oxygen utilization was determined manometrically. One 
series of Warburg flasks was used as “controls”? whereas another 
similar series contained in addition catalase and catalase plus 
ethanol. Fig. 1 summarizes the conditions and results of these 
experiments. It is seen that the oxygen utilization was not af- 
fected by the addition of catalase or catalase plus ethanol. In 
preliminary experiments it was shown that ethanol does not in- 
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Fig. 1. Effect of added catalase and catalase plus ethanol on 
the oxygen utilization by the inositol-cleaving enzyme. The War- 
burg flasks contained phosphate buffer, pH 7. 2, 0.1 M; inositol, 0.1 
M;; purified enzyme (100 ug of protein); and water to a final vol- 
ume of 3ml. Center wells contained 10% KOH. @——@, Con- 
trol flasks containing no catalase or ethanol; X——-», flasks con- 
taining in addition catalase or catalase plus ethanol. 


terfere with the enzymatic activity nor is there any oxidation of 
inositol by H2Oz in the presence or absence of catalase. The ad- 
dition of small amounts of H2Oz to the incubation mixture causes 
marked inhibition of the enzymatic activity. These results make 
the formation of HzOz2 unlikely. 


DISCUSSION 


In formulating a reasonable mechanism for the conversion of 
inositol to glucuronic acid, the following experimental findings 
must be taken into account: (a) the purified enzyme requires the 
participation of iron and SH groups for activity (1); (6) the en- 
zymatic reaction involves the loss of 2 hydrogen atoms from 
inositol and the “‘fixation”’ of 1 atom of oxygen which appears in 
the product; (c) the fixed oxygen must come from oxygen gas 
and not from water; (d) formation of HzO2 during the reaction 
is not observed; (e) familiar coenzymes as well as oxidation-re- 
duction dyes cannot replace oxygen as the hydrogen acceptor.’ 
These observations indicate that the enzyme catalyzes two dif- 
ferent types of reaction: (a) oxidation of 2 hydrogen atoms by 1 
atom of oxygen to form water, thus resembling an oxidase and 
(b) the consumption of 1 atom of gaseous oxygen which appears 
in the product, a reaction similar to but not identical with that 
catalyzed by oxygenases. 

Mason (11), in a comprehensive discussion of oxygen metabo- 
lism, distinguished three different classes of enzymes: (a) oxygen 
transferases which catalyze the consumption of 1 molecule of 
oxygen per molecule of substrate and both atoms of consumed 
oxygen appear in the product; (6) mixed function oxidases which 
catalyze the consumption of 1 molecule of oxygen per molecule 
of substrate; 1 atom of the oxygen molecule appears in the prod- 
uct, the other is reduced by a hydrogen donor other than the 
substrate; and (c) Electron transfer oxidases which catalyze 2-elec- 
tron or 4-electron reductions of oxygen, hydrogen peroxide or 
water being formed from the oxygen consumed. 

The inositol-cleaving enzyme does not seem to belong to any 
of the three classes of enzymes discussed by Mason. It is ap- 
parently unique in that it catalyzes the “fixation’’ of 1 atom of 


3 Unpublished data. 
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oxygen, which appears in the product, in contrast to the oxy- 
genases which catalyze the incorporation of 2 atoms of oxygen. 
At the same time it functions as an oxidase in a manner similar 
to ascorbic acid oxidase which is a copper enzyme. It cannot 
be classified as a ‘‘mixed function oxidase”’ because in the latter 
case the hydrogen donor is a compound other than the substrate, 
usually DPNH or TPNH. 

The following sequence of events is proposed as a possible 
mechanism to account for the experimental observations. It is 
proposed that inositol is first oxidized to an enediol by loss of two 
hydrogen atoms from carbon atoms | and 6. This is followed by 
cleavage of the double bond with the concomitant “‘fixation”’ of 
one oxygen atom in carbon atom one of inositol which becomes 
the carboxy] of glucuronic acid. The following postulated reac- 
tions appear to be consistent with the observed events. The iron 
of the enzyme could be linked by way of an SH group to the 
apoenzyme as indicated in Reaction 1. 

E—SH + Fe+++ = E—S.---Fet+ + H+ (1) 


The E—S.- - -Fe+*+ would represent the active form of the enzyme. 
It explains why reducing substances such as glutathione protect 
the enzyme against the chelating action of cyanide, azide, and 
others. Glutathione by reducing the SH groups of the enzyme 
would drive Reaction 1 towards the right with the reduced iron 
now exhibiting lower affinity for chelating agents, a situation 
which is also true with the hemin-iron enzymes. It also explains 
why denaturation of the enzyme by acid causes the quantitative 
release of iron while denaturation by heat coagulation releases 
only 5% of the iron (1). If we represent the active form of the 
enzyme (E—S.--Fe**) as E, we can suggest the following reac- 
tions: 


E + Oz E-O2 (2) 
E-O2 + N J — E-O-O-- K J + 2H* (3) 
Inositol 


E-0-0-- 4  £-0. +H:0 (4) 
O 
* 
VA 5 
~E+ (5) 
| 


E-O- 


p-glucuronic acid 
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In Reaction 2 the enzyme forms a complex with oxygen followed 
by a 2-electron oxidation of inositol as indicated in Reaction 3, 
leading to the formation of an enediol and release of 2 H+. In 
Reaction 4 the enzyme-oxygen-enediol complex reduces the 2 
protons to form water by means of a 2-equivalent reduction. 
Finally in Reaction 5 the enediol cleaves to glucuronic acid and 
free enzyme. In the above reactions the enzyme-oxygen com- 
plex is thought to occur with the iron of the enzyme E—S.-.- 
Fe+* + O2 E—S- in a manner similar to that taking 
place between oxygen and uncomplexed ferrous iron (12). 

The proposed mechanism of oxygen activation and cleavage of 
inositol serves only to illustrate one out of perhaps many differ- 
ent mechanisms. It does, however, explain the experimental 
findings in a reasonable manner. 


SUMMARY 


The mechanism by which a purified enzyme of kidney cleaves 
inositol to p-glucuronic acid has been investigated with the aid 
of inositol-2-C and O¥%. The results indicate that: 

1. Inositol is enzymatically cleaved between carbon atoms 1 
and 6. 

2. One atom of oxygen from QO; is fixed into position 1 of inosi- 
tol and appears in the carboxy] of glucuronic acid. 

3. The two hydrogen atoms removed from inositol reduce 1 
atom of oxygen to form water. 

4. The participation of SH group(s) and of the iron of the en- 
zyme in the catalytic process is discussed and a possible mecha- 
nism for the activation of oxygen and the cleavage of inositol is 
presented. 
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The fermentation of deoxyribose in Escherichia coli (1, 2) and 
in Lactobacillus plantarum (3, 4) appears to involve 2-deoxyribose 
5-phosphate as an intermediate. Racker (2) has described an 
enzyme, deoxyribose phosphate aldolase, which catalyzes the re- 
versible cleavage of deoxyribose 5-phosphate to acetaldehyde 
and glyceraldehyde 3-phosphate. The enzyme occurs in E. coli 
and in animal tissues (2), where its function is not clearly estab- 
lished, and in deoxyribose-grown cells of L. plantarum, where it 
plays a major role in the fermentation pathway (3). 

The present paper is a report of studies on the induction, 
purification, and kinetic properties of deoxyribose phosphate al- 
dolase of L. plantarum, together with a method for the synthesis 
and isolation of 2-deoxyribose 5-phosphate. 


EXPERIMENTAL 


Materials—Commercial preparations were used unless other- 
wise specified. Aldolase free of triose phosphate isomerase was 
generously supplied by Dr. Ben Bloom of this Institute. a- 
Glycerophosphate dehydrogenase, which contained aldolase and 
triose phosphate isomerase, was prepared from rabbit muscle (5). 
p-Glyceraldehyde 3-phosphate dehydrogenase was prepared from 
rabbit muscle (6). 

We are indebted to Dr. F. Kagan of the Upjohn Company and 
to Dr. H. G. Fletcher, Jr., and Mr. Harry W. Diehl of this In- 
stitute for providing us with 2-deoxy-p-ribose. Acetaldehyde 
(Eastman Kodak), distilled at room temperature into a cold re- 
ceiver, was diluted for storage at 2° in 0.01 m potassium maleate 
buffer, pH 6.3, to about 4 m concentration. p-Glyceraldehyde 
3-phosphate was prepared enzymatically by incubating fructose 
1 ,6-diphosphate with aldolase in the presence of excess acetalde- 
hyde (as suggested by Professor T. Bucher of the University of 
Marburg), and purified by ion exchange chromatography. Di- 
phenylamine (Eastman Kodak) was recrystallized from hot 70% 
alcohol. 2-Deoxy-p-xylose was provided by Dr. A. Weissbach of 
this Institute. 

Methods—Bacterial growth was measured turbidimetrically at 
660 my in the Coleman Junior spectrophotometer. 2-Deoxy-p- 
ribose was measured by the diphenylamine method of Dische (7). 
When applied to the determination of 2-deoxyribose 5-phosphate, 
the extinction coefficient, 3.87 10% mole of Domagk 
and Horecker (3) was used. 2-Deoxyribose 5-phosphate was also 
determined enzymatically by measuring acetaldehyde or p-glyc- 
eraldehyde 3-phosphate formed by the action of deoxyribose 
phosphate aldolase. Total and inorganic phosphate were deter- 
mined by the method of Fiske and SubbaRow (8). Triose phos- 
phates and fructose diphosphate were determined spectrophoto- 


metrically with DPNH and a-glycerophosphate dehydrogenase 
(5). Acetaldehyde was measured with alcohol dehydrogenase 
and DPNH (9). Protein was determined by the method of 
Lowry et al. (10). Deoxyribose phosphate aldolase activity was 
followed by measuring the 2-deoxyribose 5-phosphate formed in 
the condensation of acetaldehyde and p-glyceraldehyde 3-phos- 
phate (Fig. 1). 

Culture of Organism—Cultures of Lactobacillus plantarum 
strain 124-2 (ATCC 8041) were maintained on agar stabs or in 
broth of the following composition (3, 12): 0.4% yeast extract, 
1.0% nutrient broth, 1.0% sodium acetate-3 H.O, 0.02% 
H.O, 0.001% NaCl, 0.001% FeSO,-7 0.001% 
MnCl.-4 and 0.8% glucose. Inclusion of Mg++, Fe*+*, or 
Na* in the medium did not enhance cell growth or deoxyribose 
aldolase induction, both of which were markedly stimulated by 
the presence of 0.001% MnCl: (Table I). For enzyme produc- 
tion, the medium was further modified by increasing the levels 
of nutrient broth and acetate to 2% and by substituting fructose 
for glucose. With high concentrations of fructose the yield of 
enzyme was about 4 times that obtained with optimal levels of 
glucose (Table II). With no deoxyribose the enzyme level was 
approximately 1% of that found in fully induced cells. Cells for 
enzyme purification were grown in the medium described in Table 
IT with 0.5% fructose and 0.035% deoxyribose. 


Purification of Deoxyribose Aldolase 


Growth of Cells and Extraction—Four liters of culture media 
were inoculated with 10 ml of an 8-hour subculture of L. 
plantarum. After 12 hours at 37°, when nearly all of the deoxy- 
ribose had been consumed, the cells were collected by centrif- 
ugation in the Lourdes model SL centrifuge, resuspended in 240 
ml of 0.025 m NH,OH-HCI buffer, pH 9.5, and centrifuged in 
50-ml tubes. Each of the six pellets (about 0.8 g, wet weight) 
was suspended in 8.0 ml of 0.05 m NH,OH-HC1 buffer, pH 9.5, 
and 0.01 ml of capryl alcohol was added. Extraction was car- 
ried out at 2° in the Nossal tissue disintegrator as described in 
Table I. The suspensions were centrifuged and the combined 
residues were washed three times with a total of 112 ml of water. 
Washings and supernatant solution were combined (“Extract,” 
Table III). 

Protamine—The extract was adjusted to pH 7.0 with 5 N 
H.SO, and treated with 7.5 ml of 4% protamine sulfate solution. 
The precipitate was removed by centrifugation. The super- 
natant solution was brought to pH 9.5 with concentrated NH,OH 
and kept at 0° for 2 hours. The small precipitate was collected 
in two Servall tubes, washed with 0.001 m NH,OH-HCI, and 
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Fic. 1. Deoxyribose aldolase assay. The reaction mixture con- 
tained 100 umoles of potassium maleate buffer, pH 6.3; 5 uwmoles 
of magnesium fructose 1,6-diphosphate, pH 6.3; 18 uwmoles of 
acetaldehyde; 113 wg of aldolase (this preparation contained 19.4 
Taylor chemical units (11) per ml and its specific activity was 0.86), 
and deoxyribose phosphate aldolase in a total volume of 1.0 ml. 
After incubation for 10 minutes at 37° the reaction was stopped by 
the addition of 2.0 ml of diphenylamine reagent. The tubes were 
closed with marbles and heated in a 100° bath for 10 minutes. 
They were cooled in a water bath for 10 minutes and the optical 
densities at 595 my were read in 1.0-cm cells in the Beckman DU 
spectrophotometer. The reagent blank contained no deoxyribose 
aldolase. One unit is defined as an optical density change of 
1.000, equivalent to 0.775 umole of deoxyribose 5-phosphate. 


dissolved in 1.0 ml of 0.5 mM potassium maleate buffer, pH 6.3. 
The solutions were combined, diluted to 6.0 ml with water, and 
centrifuged. The residue was washed with 4.0 ml of water and 
the supernatant solutions and washings combined (‘‘Prota- 
mine’’). 

Acetone—This step was carried out in an alcohol-ice bath at 
—15° with manual stirring. Eight milliliters of 50% acetone (at 
—10°) were added dropwise to the protamine fraction and the 
precipitate was removed by a 3-minute centrifugation at —10° 
in the multispeed head of the International PR-1 centrifuge. 
The supernatant solution was treated with 10 ml of 50% acetone 
and the precipitate collected and dissolved in 0.5 ml of 0.5 m 
potassium maleate buffer, pH 6.3, followed by 10 ml of water 
(“Acetone’’). 

pH Precipitation—The acetone fraction was adjusted to pH 
9.5 with about 0.1 ml of m NH,OH. After 10 minutes at 0° the 
precipitate was collected in a single centrifuge tube, dissolved in 
0.5 ml of 0.5 m potassium maleate buffer, pH 6.3, followed by 
10 ml of water, and centrifuged. The protamine-enzyme com- 
plex was reprecipitated three times as described except that the 
pH was adjusted first to 8.1 for 10 minutes and then to 9.5 for 
the two final steps. These were kept at pH 9.5 and 0° for 2 
hours before centrifugation. The final solution was frozen and 
stored at —10°. Each precipitation gave a small increase in 
specific activity; the total purification was about 2.5-fold (“pH 
precipitate’’). 

Properties of Enzyme 

Stability and Purity—The purified enzyme preparation was 
stable when stored at —16°, even with frequent thawing and re- 
freezing. It was free of DPNH oxidase and triose phosphate 


isomerase. 
Inhibitors and pH Optimum—Inorganic phosphate strongly 
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TABLE I 


Effect of metal salts on cell growth and deoxyribose 
aldolase activity 


Growth*| Enzyme” 
Metal additions 
Specifi 
in optical units | activity 
MgS0O,-7 H2O, 0.202 
MnCl.-4 H2O, 0.001%.................... 0.350 | 57.0 | 20.4 
Mixture of MgSO,, NaCl, FeSO,......... 16.3 | 8.25 
Mixture of all four salts....... Bi 0.345 | 52.4 | 17.9 


* Each tube contained 10 ml of stock medium, from which the 
metals had been omitted, and 0.2 ml of a 24-hour subculture. 
Metal salts were added as indicated. Optical densities were read 
in 1.3-cm Coleman cuvettes before incubation and after 16 hours 
at 37°. 

>’ The tubes contained 20 ml of stock medium from which the 
metals had been omitted and in which the glucose concentration 
was only 0.2%. Ten milligrams of 2 deoxy-p-ribose, 0.2 ml of a 
24-hour subculture, and metals, as indicated, were added. After 
incubation for 14 hours at 37° the cells were collected by centrifu- 
gation and were washed with 0.05 m K.HPO,. The pellets were 
suspended in 8 ml of 0.05 M ammonium phosphate buffer, pH 9.5, 
and were extracted by shaking with 8 g of glass beads in the Nos- 
sal tissue disintegrator (13). The cartridges were shaken for 
three $-minute periods with cooling in ice between the shakings. 
A centrifuged portion was assayed as described in Fig. 1. The 
volume of extract was assumed to be 8.0 ml. 


TaBLe II 
Effect of glucose and fructose concentration on enzyme induction 


The medium contained: 0.4% yeast extract, 2.0% nutrient 
broth, 2.0% sodium acetate, 0.001% MnCl.-4 H2O, and 10 mg of 
2-deoxy-p-ribose in a final volume of 15 ml. Glucose and fruc- 
tose were added as indicated. Then0.2 ml of a 24-hour subculture 
was added and the tubes were incubated until the diphenylamine 
test showed complete utilization of the deoxyribose (154 to 20 


hours). Cell-free extracts were prepared and assayed as de- 
scribed (Table I, Fig. 1). 
Glucose Fructose 
Level in medium 
Total units Total units 
% 

0.00 4 4 
0.07 49 51 42 40 
0.13 54 28 60 47 
0.27 50 21 95 62 
0.40 46 16 112 52 
0.54 36 4) 140 58 
0.80 22 4 170 45 
1.07 205 4] 
1.34 200 37 
1.60 203 27 
2.13 180 24 
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III 
Purification of deoxyribose aldolase 
Fraction Volume Total units* ‘(Specific activity 
units/mg 
162 8875 46 
Protamine................ 10 8730 829 
10 6060 1650 
pH Precipitate............ 10 4500 4250 
« See Fig. 1. 
LiJ | | | | | 
10 
OQ O8F 
_j 
O6F 
: 
© O04 


80 


pH 


Fic. 2. pH Optimum of deoxyribose aldolase. The tubes con- 
tained 0.5 umole of deoxyribose phosphate, 200 uwmoles of buffer, 
and 0.29 ug of purified deoxyribose aldolase in a final volume of 
1.0ml. After incubation at 37° for 10 minutes 0.06 ml of 60% per- 
chloric acid was added and the tubes were kept for 10 minutes at 
0°. Then 0.74 ml of 1 M potassium phosphate buffer, pH 7.4, and 
0.2 ml of 2 N KOH were added. Potassium perchlorate was re- 
moved by centrifugation and the supernatant solution assayed for 
acetaldehyde. A, Acetate; 0, succinate; @, maleate; O, imida- 
zole;™, glycylglycine; A, glycine. 


inhibits (80%) the enzyme at a concentration of 2.6 K 10-7? mM. 
This inhibition is not observed when phosphate is added together 
with 0.1 M maleate buffer. The reaction velocity is maximal at 
pH 6.3 (Fig. 2). 

Equilibrium and Substrate Affinity Constants—The equilibrium 
constant for deoxyribose phosphate cleavage was measured from 
either direction and at 37° was found to be about 2.4 x 10~‘ 
mole per liter (Table IV). The following AK, values were ob- 
tained: For deoxyribose 5-phosphate, 6.4 x 10-4 mole liter 
(Fig. 3A); for acetaldehyde, 11.1 10-4 mole liter— (Fig. 3B); 
and for p-glyceraldehyde 3-phosphate, 7.1 xX 10-‘ mole liter 
(Fig. 3C). 

Specificity—Deoxyribose aldolase is specific for acetaldehyde; 
this reactant is not replaced by glycolaldehyde or propionalde- 
hyde. However, several substances other than glyceraldehyde 
3-phosphate were found to condense with acetaldehyde to yield 
deoxy sugars (Table V). Under the experimental conditions 
employed the rate with p-glyceraldehyde 3-phosphate was 100 to 
4000 times greater than with the other compounds tested, and it 
was necessary to increase the substrate or enzyme concentration, 
or both, when substrates other than p-glyceraldehyde 3-phos- 
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phate were employed. No reaction could be detected with p- 
ribose and glycolaldehyde. Measurement of deoxy sugars was 
made by a modification of the method of Weissbach and Hurwitz 
(14). Spectra of the color complexes were identical to those 
obtained with 2-deoxyribose and 2-deoxyglucose. 


Characterization of Reaction Products 


Rate of Oxidation with Periodate—Waravdekar and Saslaw (16) 
have shown that, under the conditions of their assay, the attack 
of periodate upon sugars with cis hydroxyls on carbons 3 and 4 
is much more rapid than when these hydroxyls are in the trang 
position. Application of this test to the condensation products 
of p-threose or p-erythrose suggests that the sugar formed from 
p-threose is 2-deoxy-p-gulose and that from p-erythrose is 2- 
deoxy-pD-allose (Fig. 4). 

Configuration of Product Formed with 1-Glyceraldehyde 3-Phos- 


TABLE IV 


Equilibrium constant for reaction: deoxyribose 5-phosphate = 
acetaldehyde + glyceraldehyde 3-phosphate 


Incubation was for 30 minutes at 37°. The tubes contained 50 
umoles of potassium maleate buffer, pH 6.3, 9.4 ug of deoxyribose 
aldolase, and substrates in a total volume of 2.0ml. The approxi- 
mate initial amounts of deoxyribose 5-phosphate in Tubes 1, 2, 
and 3 were 2.0, 3.0, and 4.0 umoles. The initial levels of acetalde- 
hyde in Tubes 4, 5, and 6 were approximately 3.0, 2.4, and 2.0 
umoles. The corresponding initial levels of p-glyceraldehyde 
3-phosphate were 3.0, 2.5, and 1.9 wmoles. The reaction was 
stopped by addition of perchloric acid or KOH. For the deter- 
mination of deoxyribose 5-phosphate, 0.25 to 0.7 ml aliquots were 
incubated for 20 minutes at room temperature with 0.05 ml of 2 
N KOH to destroy triose phosphate. An equivalent of N H.SO, 
was added and the volume was adjusted to 1.01 ml with water 
before proceeding with the diphenylamine test. For measure- 
ment of acetaldehyde and glyceraldehyde 3-phosphate, 1.0 ml 
aliquots were treated at room temperature with 0.05 ml of 60% 
perchloric acid; these were brought to 2.0 ml and pH 6.5 with 0.73 
ml of 0.5 m imidazole buffer, pH 6.3, and 0.22 ml of 2 n KOH. 
The tubes were cooled at 0° for several minutes and the per- 
chlorate removed by centrifugation. 


Equilibrium concentrations 
Experiment No. Keq 
Glyceralde- 
m X 104 M X 104 X 104 mM X 1084 
1 5.88 3.72 3.58 2.27 
2 9.53 4.75 4.81 2.39 
3 13.85 5.70 5.83 2.40 
4 7.85 5.22 3.41 2.26 
5 6.42 4.49 3.42 2.39 
6 4.98 4.10 2.87 2.36 
Average 2.357 


“When pt-glyceraldehyde 3-phosphate was substituted for 
p-glyceraldehyde 3-phosphate the average of three values ob- 
tained was 2.45 X 10-4. In calculating this result, it was assumed 
that the concentrations of p- and L-glyceraldehyde 3-phosphate 
were equal and that 2-deoxyxylose 5-phosphate produced the 
same color in the diphenylamine test as 2-deoxyribose 5-phos- 
phate. 
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Fic. 3A. K, for deoxyribose 5-phosphate. The reaction mix- 
ture contained 100 wmoles of potassium maleate buffer, pH 6.3, 
0.38 ug of deoxyribose aldolase, and 0.1 to 3.0 umoles of deoxyribose 
phosphate (based on enzymatic assay), in a volume of 1.0 ml. 
After incubation for 10 minutes at 37°, perchloric acid, phosphate 
buffer, and KOH were added as described in the legend to Fig. 2. 
The supernatant solutions were assayed for acetaldehyde. 

B. K, for acetaldehyde. The mixtures contained 100 umoles of 
potassium maleate buffer, pH 6.3, 0.2 ug of deoxyribose aldolase, 
dSumoles of fructose 1,6-diphosphate, 112 ug of aldolase, and 0.35 
to 4.8 umoles of acetaldehyde in a final volume of 1.0 ml. The 
control tubes did not contain deoxyribose aldolase. Incubation 
was for 10 minutes at 37°. The reaction was stopped by the addi- 


tion of 2.0 ml of diphenylamine reagent. 
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phate—The enzyme also catalyzes a condensation of acetaldehyde 
with L-glyceraldehyde 3-phosphate to yield a 2-deoxypentose 
phosphate. Thus with pi-glyceraldehyde 3-phosphate, in the 
presence of excess acetaldehyde, the quantity of deoxy sugar 
formed was twice the quantity of p-glyceraldehyde 3-phosphate 
added (Fig. 5). From the initial slopes the reaction rate is es- 
timated to be about 10 times faster with the p isomer than with 
the Lisomer. On the basis of paper chromatography of the free 
sugars, after enzymatic dephosphorylation, the product formed 
with L-glyceraldehyde 3-phosphate appears to be 2-deoxy-t- 
xylose 5-phosphate rather than 2-deoxy-L-ribose 5-phosphate 
(Table VI). 


Preparation of 2-Deoxyribose 5-Phosphate 

Enzyme Preparation—Cells were grown, harvested, and ex- 
tracted as described under enzyme purification. The extract 
from a 4-liter cell culture was adjusted to pH 7.0 with concen- 
trated HCl and treated with 400 mg of protamine sulfate dis- 
solved in 20 ml of water. The precipitate was discarded and 
the supernatant solution was dialyzed overnight at 2° against 
flowing 0.005 m maleate buffer, pH 6.3 (8 liters). The dialyzed 
material (392 ml) contained 11,300 units of deoxyribose aldolase 
with specific activity of 115. 

Condensation Reaction—The incubation mixture contained 11 
mmoles of fructose 1 ,6-diphosphate (6.17 g of the commercial 
magnesium salt dissolved in water and adjusted to pH 6.3); 275 
mmoles of acetaldehyde; 25 mmoles of imidazole buffer, pH 6.3; 
22.6 mg of aldolase (11), and 11,300 units of deoxyribose aldolase 
in a volume 2.4 liters. The formation of deoxyribose 5-phos- 
phate was followed with the diphenylamine test. In 4 hours 
at 37°, 11.4 mmoles were formed. 

Ion Exchange Chromatography—This was carried out at 2°. 
The cooled incubation mixture was passed over a Dowex 1- 
acetate column (10% cross-linked, 100 to 200 mesh) at the rate 
of 15 ml per minute. The resin bed was 33.2 cm? X 27cm. The 
column was washed with several volumes of water, then gradient 
elution was carried out with 11.4 liters of distilled water in the 
mixing vessel, and 0.4 M ammonium acetate in the reservoir (192 
g of glacial acetic acid in 4 liters of water adjusted to pH 5.0 
with concentrated ammonium hydroxide and diluted to a volume 
of 8 liters). Fractions of 500 ml were collected at the rate of 
15 ml per minute. The major portion of the deoxyribose 5-phos- 
phate appeared in Fractions 22 to 26. These contained no in- 
organic phosphate and the phosphorus-deoxyribose ratio was ap- 
proximately 1.0. 

Precipitation of 2-Deoxyribose 5-Phosphate as Barium Salt-— 
Fractions 22 to 26 (9.34 mmoles of deoxyribose phosphate) were 
combined and treated with 15 ml of 1 m BaBre. The pH was 
adjusted to 8.5 by the addition of concentrated ammonium hy- 
droxide. Four volumes of —10° acetone were added with stir- 
ring and the precipitate was allowed to settle at — 10° overnight. 
The supernatant solution was siphoned off and the precipitate 


C. K, for glyceraldehyde 3-phosphate. The mixtures contained 
100 zmoles of potassium maleate buffer, pH 6.3, 36 wmoles of acet- 
aldehyde, 0.2 wg of deoxyribose aldolase, and 0.25 to 5.0 umoles 
of p-glyceraldehyde 3-phosphate in 1.0 ml final volume. Incu- 
bation was for 10 minutes at 37°. The reaction was stopped by 
addition of 0.1 ml of 2N KOH. After 20 minutes at room tempera- 
ture the solution was acidified with 0.2 ml of 1 N H2SO, and 2.3 
ml of diphenylamine reagent was added. 
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TABLE V 
Specificity of deoxyribose aldolase 

Incubation mixtures contained 100 wmoles of potassium maleate 
buffer, pH 6.3, 4 wmoles of acetaldehyde, and substrate and en- 
zyme, as indicated, in a final volume of 2.0 ml. Reference incu- 
bation mixtures contained all components except enzyme. A 
second control contained 0.4 wmole of deoxyribose 5-phosphate 
(Experiments 1 through 4), or of deoxyribose (Experiments 5 
through 9), but noenzyme. Incubation was at 37°. 

In Experiments 1 through 4, 0.5 ml aliquots were transferred to 
tubes containing 0.05 ml of Nn HCl and kept for 10 minutes at 0°. 
Dephosphorylation was accomplished by incubation for 15 min- 
utes at 37° after the addition of 0.1 ml of m NH,OH-HCI buffer, 
pH 9.5, 0.025 ml of 2 N KOH, 0.02 ml. of m MgCl», and 0.02 ml of 
intestinal phosphatase.* The pH was lowered to about 2 by the 
addition of 0.1 ml of n HCl. Then 0.25 ml of 0.025 N periodic 
acid in 0.125 Nn H2SO, was added and after 20 minutes at room tem- 
perature the tubes were treated with 0.5 ml of 2% sodium arsenite 
in 0.5 n HCl. Two milliliters of 0.3% thiobarbituric acid (ad- 
justed to pH 2.0) were added, and the tubes were closed with 
marbles and heated in a 100° bath for 20 minutes. To the hot 
solutions were added 0.1 ml of 0.5 m tetrasodium ethylenedi- 
aminetetraacetate and 0.2 ml of 2 Nn KOH.’ The solutions were 
permitted to cool at room temperature. Optical densities were 
read in the Beckman DU spectrophotometer at 543 my.! 

Aliquots in Experiment 1 were taken at 4, 8, and 12 minutes, 
aliquots in Experiment 2 at 5, 10, and 15 minutes, and in all others 
at 20, 40, and 60 minutes. In Experiments 5 through 9, aliquots 
were treated directly with periodate, followed by arsenite and 
thiobarbituric acid as above. Two milliliters of 2 n KOH, but 
no ethylenediaminetetraacetate, were added. 


Experi- Concen- Deoxy sugar | Relative 
Substance tested Enzyme activity 
\moles/ml pg/ml umoles/hr 


1 | v-Glyceraldehyde| 0.4 (1.4 10°? 5.92 X 107? |4190 


3-phosphate 


2 | p-Erythrose 4- | 0.4 (1.4 5.68 X 10-2} 40 


phosphate‘ 

3 | Glycolaldehyde 1.0 (4.25 5.72 & 1074 1.35 
phosphate? 

4 | p-Ribose 5-phos- | 1.0 (4.25 5.32 1.25 
phate 

5 | pui-Glyceralde- 8.0 7 2.65 & 3.8 
hyde 

6 | p-Erythrose 4.0 (7 1.69 X 10°? 2.4 

7 p-Threose* 4.0 (7 7.37 X 10-3 1.05 

8 | p-Ribose 4.0 (7 None 

9 | Glycolaldehyde 4.0 {7 None 


¢ Prepared by Dr. L. A. Heppel of this Institute by a modifica- 
tion of the Schmidt-Thannhauser method (15). 

’ Troublesome precipitation which often occurs upon cooling 
of the acid solution is avoided by adjusting to pH 12.0 to 12.5, 
which shifts the absorption maximum to 543 my. Addition of 
ethylenediaminetetraacetate keeps the magnesium ion in solu- 
tion. 

¢ A gift from Dr. Clinton E. Ballou of the University of Cali- 
fornia. 

4 Kindly supplied by Dr. J. E. Seegmiller of this Institute. 

¢ A gift from Dr. Nelson Richtmyer of this Institute. 


1 After these experiments were completed it was learned that 
2-deoxysugar phosphates could be more conveniently measured by 
conducting the periodate oxidation directly on the phosphorylated 
compounds at alkaline pH: To 0.3 ml of 2-deoxy sugar phosphate 
at (pH 9.6), containing 0.001 to 0.3 umole, are added 0.1 ml of 1.5 


Deoxyribose Aldolase from L. plantarum 


Vol. 235, No. 5 


w 100 

> 

=x 

Ww 80 

60 

= 

u 40 

oO 

Ww 20 

> 

5 fe 15 20 25 # 30 
OXIDATION TIME (MINUTES) 


Fic. 4. Periodate oxidation rate of deoxy sugars. O——O, 
p-Threose condensation product, and (O——D, pb-erythrose con- 
densation product. Reference compounds are @——®@, 2-deoxy- 
p-ribose, A——A, 2-deoxy-p-glucose, and A——A, 2-deoxy-p- 
xylose. 

Periodate oxidation was carried out at room temperature with 
acid periodate. Oxidation mixtures contained 0.075 to 0.10 umole 
of deoxy sugar, 25 uwmoles of periodic acid, 125 uwmoles of sulfuric 
acid, and 250 umoles of potassium maleate buffer, pH 6.3, in a total 
volume of 5.0 ml. Aliquots of 0.5 ml were treated with arsenite 
and thiobarbituric acid as described in Table V. 

p-Threose: The condensation product was obtained by incubat- 
ing 3.1 umoles of p-threose, 100 umoles of potassium maleate buffer, 
pH 6.3, 20 umoles of acetaldehyde, and 5 ug of deoxyribose aldolase 
in a total volume of 0.6 ml for 60 minutes at 25°. 

p-Erythrose: The reaction mixture contained 8 umoles of p- 
erythrose, 40 wmoles of acetaldehyde, 100 umoles of potassium 
maleate buffer, pH 6.3, and 16 ug of deoxyribose aldolase in a total 
volume of 2.0 ml. Incubation was for 80 minutes at 37°. 


was collected by centrifugation. Subsequent precipitations and 
washings were carried out at 2°. The precipitate was washed 
twice with 400 ml portions of 66% acetone and twice with 100% 
acetone after which it was placed under vacuum for an hour ina 
desiccator containing paraffin chips and silica gel. 

The powder was extracted four times with a total of 515 ml of 
water at 25°. The combined extracts, containing 7.89 mmoles of 
deoxyribose phosphate,? were treated with one-fifth volume of 
100% ethanol and one-tenth volume of 2 n KOH. After 20 
minutes at room temperature the suspension was centrifuged and 


M glycine-KOH buffer, pH 9.6, and 0.2 ml of 0.0625 m periodic acid 
adjusted to pH 9.6 with NH,OH. After incubation at 37° for 10 
minutes excess periodate is destroyed by treatment for 2 minutes 
with 0.5 ml of 2% sodium arsenite in 0.5 N HCl (the pH of the 
mixture should be 2.0). Then 1.8 ml of 0.6% thiobarbituric acid 
(pH 2.0) is added and the mixture is heated for 10 minutes at 100°. 
To the hot solution is added 0.1 ml of 7 N KOH, after which it is 
cooled in room temperature water. The pH should be 12.0 to 
12.5. Suitable controls are included. Acetaldehyde, below 2 
pmoles, does not interfere. At 543 my the molar extinction coeffi- 
cient for deoxyribose 5-phosphate is about 1.05 K 105. 

2 Subsequent determinations of deoxyribose phosphate content 
were carried out enzymically. Barium deoxyribose solutions, 
diluted to contain about 1 umole per ml, were freed of barium by 
adding a slight excess of NasSO,. Assay mixtures contained 50 
umoles of potassium maleate buffer, pH 6.3, 0.1 umole of DPNH, 
3 wl of crystalline alcohol dehydrogenase, 5 ug of deoxyribose 
aldolase, and about 0.05 umole of deoxyribose phosphate in a total 
volume of 1.5 ml. Deoxyribose phosphate was added to start the 
reaction. 


The control cell lacked deoxyribose phosphate. 
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the precipitate discarded. The supernatant solution was ad- 
justed with concentrated HCl to pH 9.0, treated with 2 volumes 
of acetone, and after 2 hours at 2° the mixture was centrifuged. 
The precipitate was washed with 800 ml of 66% acetone and 
dissolved in water to 200 ml. The insoluble material was re- 
moved by centrifugation and the supernatant solution was ad- 
justed to pH 8.9 with HCl and diluted to 250 ml. The solution 
obtained was diluted to 500 ml and treated with 2 volumes of 
acetone. After an hour, the precipitate was collected by centrif- 
ugation, washed twice with 800 ml portions of 66% acetone, 
dissolved with water to a volume of 450 ml, and centrifuged to 
remove some insoluble material. Two volumes of acetone were 
added to the solution and after 30 minutes at 2° the precipitate 
was collected. It was washed with 400 ml portions of 66% 
acetone followed by 100% acetone. After partial drying in a 
vacuum over paraffin chips and silica gel the material was spread 
on paper and allowed to equilibrate with atmospheric moisture 
for 16 hours. By enzymatic assay the final product (2.13 g) 
contained 5.30 mmoles, a recovery of 57%. The purity based 
on enzymatic assay was 96%. 


Characterization of Reaction Product 


Moisture Content—The purified barium salt was not visibly 
hygroscopic. An aliquot which was heated in a drying pistol 
over P.O; at 100° reached constant weight in 2 hours. The 
weight loss of 9.27 % corresponds to 2 molecules of water (9.33%). 

Elemental Analysis'— 


BaC;H,O;P-2H,0 
Calculated: C 15.58%, H 3.39%, Ba 35.63%, P 8.03% 


Found: C 15.98%, H 3.17%, Ba 36.17%, P 8.21% 


Dephosphorylation of Sugar and Optical Rotation—Two hundred 
milligrams of the barium salt were dissolved in 10 ml of water 
and barium removed by the addition of an equivalent of Na2SO«. 
The barium sulfate precipitate was removed by centrifugation 
and washed with water. The total volume was 19.6 ml. Then 
0.1 ml of 0.5 m glycine buffer, pH 9.0, 0.1 ml of 0.1 m MgCl, and 
(0.2 ml of intestinal phosphatase were added and the solution was 
incubated at 37°. Hydrolysis, measured by the appearance of 
inorganic phosphate, was allowed to proceed until it was about 
90% complete. The deoxypentose content, measured with the 
diphenylamine reagent, was 498 umoles. <A contro] mixture with 
70 mg of 2-deoxy-p-ribose which had been treated in the same 
manner contained 534 umoles of deoxy sugar at this point. The 
solutions were deionized separately by passage over a 20-ml resin- 
bed volume of Amberlite MB-3. The effluent solutions, con- 
taining 415 uwmoles and 424 uwmoles of 2-deoxy-p-ribose, respec- 
tively, were reduced to about 5 ml by evaporation in a desiccator 
over CaCl. From the concentration of deoxyribose measured 
by the diphenylamine test the [a]” was found to be —53.3° for 
the 2-deoxy-p-ribose obtained from hydrolysis of deoxyribose 
phosphate, and —52.9° for the authentic sample of deoxyribose 
which received the same treatment. These values compare fa- 
vorably with the value of —54.1° obtained with authentic 2- 
deoxy-p-ribose (calculated on a weight basis) and with the value 
of —55° reported in the literature (18). 


> We are indebted to the laboratory of Dr. William C. Alford of 
this Institute for these analyses. 


W. E. Pricer, Jr. and B. L. Horecker 
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Fig. 5. Reaction of acetaldehyde with pi-glyceraldehyde 3- 
phosphate. @——@, Reaction rate with pi-glyceraldehyde 3- 
phosphate: The incubation mixture contained 25 umoles of potas- 
sium maleate buffer, pH 6.3, 12 wmoles of acetaldehyde, 0.369 
umole of pL-glyceraldehyde 3-phosphate, and 9 ug of deoxyribose 
aldolase in a total volume of 0.5 ml. Control tubes contained no 
enzyme. Incubation was at 37°. The reactions were stopped by 
the addition of 2.0 ml of diphenylamine reagent and 0.5 ml of water. 

Rate of v-glyceraldehyde 3-phosphate. Conditions 
were the same as above except that 0.184 umole of p-glyceraldehyde 
3-phosphate was used. 


TaBLe VI 


Paper chromatography of deorypentoses formed from 
glyceraldehyde 3-phosphate 


Substance chromatographed Rr 
Authentic deoxyribose........................... 0.44 
Authentic deoxyxylose.......................... 0.50 
Product with L-glyceraldehyde 3-phosphate?..__. 0.50 


Products with pi-glyceraldehyde 3-phosphate’... 0.44, 0.50 


« This was prepared from the pL-isomer. A mixture containing 
4 umoles of pL-glyceraldehyde 3-phosphate, 2.5 umoles of DPNH, 
50 wmoles of imidazole-HCl buffer, pH 7.5, and 8 mg of crude 
a-glycerophosphate dehydrogenase (5) in a volume of 1.0 ml was 
incubated at 37° until the decrease in DPNH indicated complete 
removal of the p-isomer. The pH was adjusted to 6.3 and 50 
pmoles of potassium maleate, pH 6.3, 250 umoles of acetaldehyde, 
and 9.4 wg of deoxyribose aldolase were added. Incubation at 37° 
was continued until there was no further formation of deoxy- 
sugar. Dephosphorylation was accomplished by incubating at 
37° and pH 9.5 after the addition of 20 wmoles of MgCl. and 0.05 
ml of intestinal phosphatase. The solution was deionized by 
stirring with Amberlite MB-3 ion exchange resin. 

+’ The above manipulations were repeated with a second aliquot 
of pi-glyceraldehyde 3-phosphate, except that a-glycerophos- 
phate dehydrogenase was omitted. 

Approximately 0.05 wymole amounts of the deoxy sugars were 
applied to S and 8 No. 589 paper, and ascending chromatography 
was carried out for 22 hours with pyridine, ethyl acetate, water 
(2:2:2, top layer used). Spots were developed with the silver 
nitrate technique of Anet and Reynold (17). 
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DISCUSSION 


Deoxyribose aldolase purified from L. plantarum catalyzes a 
freely reversible cleavage of deoxyribose 5-phosphate to yield 
acetaldehyde and glyceraldehyde 3-phosphate. The equilibrium 
(acetaldehyde) X (glyceraldehyde 3-phosphate) is 

(deoxyribose 5-phosphate) 

about 2 x 10-‘ mM; at this concentration of acetaldehyde the 
concentration of glyceraldehyde 3-phosphate will therefore equal 
that of deoxypentose phosphate. It has previously been re- 
ported (2) that the enzyme from E. coli shows a low affinity 
for acetaldehyde. With deoxyribose aldolase purified from L. 
plantarum the affinity for acetaldehyde is similar to that for p- 
glyceraldehyde 3-phosphate and the formation of deoxyribose 
phosphate in vivo by the action of this enzyme cannot be excluded 
on affinity grounds. 

The enzyme is highly specific for acetaldehyde, which is not 
replaced by either propionaldehyde or glycolaldehyde. Prelimi- 
nary results with pyruvic acid in place of acetaldehyde have also 
been negative. On the other hand the second reactant can be 
replaced by such compounds as t-glyceraldehyde 3-phosphate, 
p-erythrose 4-phosphate, glycolaldehyde phosphate, and p-ribose 
5-phosphate, as well as by free glyceraldehyde and p-erythrose. 
Although these reactions are not likely to be important physio- 
logically, they do permit a study of the reaction mechanism. The 
high specificity for acetaldehyde resembles the situation in the case 
of fructose diphosphate aldolase and suggests activation of this 
substrate similar to that reported (19-21) for dihydroxyacetone 
phosphate. The enzyme appears also to influence activation of 
the reactive carbonyl group in a stereospecific manner. It has 
now been shown that only the 2-deoxy-p-ribose ester is formed 
with p-glyceraldehyde 3-phosphate, whereas with L-glyceralde- 
hyde 3-phosphate the product has the deoxyxylose configuration. 

Similar results were obtained with the condensation products 
formed with the tetroses (Fig. 4). Periodate oxidation studies of 
the products obtained with p-threose and p-erythrose indicate 
that in the former case the new hydroxyl] group is in a trans- 
configuration with respect to the adjacent hydroxyl, whereas in 
the latter case it is in a cis-configuration. Thus in either case 
the 3-hydroxy] group possesses the p-configuration, as in 2-deoxy- 
p-ribose. Since the configuration about carbon atom 3 in the 
condensation product is not influenced by the configuration of 
the adjacent hydroxy! group, it can be concluded that interaction 
of the glyceraldehyde carbonyl] group with the adjacent hydroxy] 
group is not the controlling factor in the condensation. It is 
more likely that the enzyme catalyzes a stereospecific polariza- 
tion of the carbonyl] group. 


constant 


HCO HCO HCO HCO 

HOH HOH HOH HOH 
HCOH HOOH HCOH 
HCOOH HOCH HOCH HCOH 
H.COPO;7 H,COPO,- HCOH HCOH 
H.COH H.COH 
Formed from Formed from Probable Probable 
p-glyceraldehyde t-glyceraldehyde product product 

3-phosphate 3-phosphate with p-threose with 

D-erythrose 
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SUMMARY 


A procedure is described for the purification of deoxyribose 
aldolase from extracts of induced cells of Lactobacillus plantarum. 
The purified enzyme is free of interfering enzymes such as triose 
phosphate isomerase and catalyzes a reversible cleavage of 2- 
deoxyribose 5-phosphate to yield acetaldehyde and p-glyceralde- 
hyde 3-phosphate. The affinity of the enzyme for all three sub- 
strates is similar with K, of the order of 10-3 m. 

The enzyme is highly specific for acetaldehyde but p-glyceral- 
dehyde 3-phosphate can be replaced by a number of other sub- 
stances, including tu-glyceraldehyde 3-phosphate, p-erythrose 
4-phosphate, p-erythrose, and p-threose. With all of these re- 
actants the products show identical configuration about carbon 
atom 3 despite the differences in carbon atom 4. The implica- 
tions of this finding for the reaction mechanism are discussed. 

A convenient procedure for the enzymatic synthesis of 2-deoxy- 
p-ribose 5-phosphate is described. The product is obtained in 
good yield with a purity of over 95%. 


NOTE ADDED IN PROOF 


The low activity found in phosphate buffer is not due to in- 
hibition by this substance but rather to a requirement for a car- 
boxylic acid. Full activity is observed in the presence of male- 
ate, succinate, glutarate, propionate, malonate, isobutyrate, or 
acetate. 
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A series of investigations (1-6) has led to the conclusion that 
phospholipid metabolism in liver cells undergoing mitosis dif- 
fers from that in resting cells. The nature of the change which 
occurs in the mitosis associated with liver regeneration, however, 
is not the same as that found in a transplantable adenocar- 
cinoma possessing a similar mitotic rate. 

The present investigation is a study of the manner in which 
acetate- and glycerol-C™ are incorporated into individual classes 
of phospholipids obtained from regenerating rat liver and a 
transplantable adenocarcinoma. 


EXPERIMENTAL 


The experimental procedures were the same as those employed 
in a previous study (6), with regard to selection of animals, 
sodium acetate-2-C™ administration, preparation of regenerat- 
ing livers and tumors,! extraction and preparation of total phos- 
pholipids, and analytical procedures. The total phospholipid 
preparations were further fractionated into cephalin, inositol 
phosphatide, lecithin, and sphingomyelin fractions by chroma- 
tography on silicic acid, according to the method of Hanahan 
et al. (7). A slightly lower phosphatide phosphorus-silicic acid 
ratio was employed than that reported by these workers, per- 
mitting a better separation of the inositol from the choline phos- 
phatide fractions. Otherwise, the elution curves obtained in 
these experiments appeared identical to those described, and 
phosphatide P:N ratios of the phosphatide fractions prepared 
for study were similar to those reported by the authors cited. 
The triglycerides were studied in some of the animals, and 
were obtained by silicic acid chromatography of the acetone- 
soluble lipids (8). 

When pt-glycerol-1-C'™ (Volk Radiochemical Company, spe- 
cific activity of 1 me per mmole) was employed, it was dis- 
solved in water at a concentration of 0.15 mc per ml, and ad- 
ministered by intraperitoneal injection to the rats at a level 
of 10 we per 100 g of body weight. The rats were killed for 
analysis 3 hours later. Prior experiments had shown that this 


* Supported in part by grant-in-aid CY-928 from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service; and in part by institutional grants to the 
Detroit Institute of Cancer Research from the American Cancer 
Society, Southeastern Michigan Division and the American Can- 
cer Society, Inc. 

t Present address, Institute of Nutrition and Food Technology, 
The Ohio State University, 1314 Kinnear Road, Columbus 8, Ohio. 

! The tumor used was a transplantable adenocarcinoma carried 
in Fisher strain rats. It originated as an acetylaminofluorene-in- 
duced hepatoma, and possesses a high mitotic rate. 


experimental period was on the ascending limb of the glycerol- 
C uptake curves of the lipids investigated. 


RESULTS 


The recovery of phospholipid P from the silicic acid columns 
was determined in a number of the experiments and found to 
be 90 to 95%. No information was obtained, however, to in- 
dicate whether the same portion of each individual phospho- 
lipid fraction was recovered. For this reason, the values re- 
ported in Table I are presented only as approximations of the 
tissue concentrations of the individual lipids. 

No striking differences were observed in concentrations of 
the phospholipids between normal and regenerating livers ex- 
cept in the case of sphingomyelin which was increased in the 
latter. There were decreases in the amounts of cephalins, 
inositol phosphatides, and lecithins, and an increase in the 
tissue concentrations of sphingomyelin in tumors as compared 
to normal livers (Table I). The large increase in the amounts 
of triglycerides at 18 hours is presumed to be due to the influx 
of fats into the livers shortly after partial hepatectomy that 
has been described by others (9, 10). The tissue concentra- 
tions of triglycerides were essentially normal at 3 days after 
surgery (Table I). 

The increased uptake of acetate-C'™ by total phospholipids 
observed earlier (6) to be associated with the period of rapid 
mitotic activity in regenerating livers, was found in the present 
study to occur in all four classes of phospholipids (Table II). 
Not all were similarly affected, however. For example, the 
increase was not seen in the cephalins and lecithins until the 
mitotic phase of regeneration (3 days), whereas it occurred in 
the inositol phosphatides of the premitotic livers (18 hours), 
and became greater during the mitotic phase. There was a 
greatly increased C™ uptake in sphingomyelin in the premitotic 
phase, with no further change coincident with the onset of 
mitosis. The specific activities of the fatty acids of cephalins, 
lecithins, and triglycerides of normal livers were similar in mag- 
nitude, and were much higher than those of inositol phospha- 
tides and sphingomyelins. There was an increased uptake of 
radioactivity into the fatty acids of all the phospholipids as 
well as triglycerides in the 3-day regenerating livers, but the 
specific activities of the inositol phosphatide and sphingomyelin 
fatty acids were again much lower than those of the other lip- 
ides. 

When acetate-C™“ was injected into tumor-bearing animals, 
there was a decreased uptake of C™ into tumor cephalins and 
triglycerides. an increase into inositol phosphatides, and no 
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TABLE I 
Lipid contents of rat tissues* 


Experimental group | No. | Cephalin Inositol phosphatide | Lecithin Sphingomyelin Triglycerides 
! 
Holtzmann rats 
Normal liver 5 6.5 + 0.6 3.6 + 0.4 16.0 + 1.0 1.6 + 0.04 5.8 + 1.2 
18-Hour regenerating liver 2 7.5(7.2-7.8) 3.9(3.8-4.0) 15.9(15.0-16.8) 1.9(1.8-2.0) 30.6 (26.2-35.0) 
3-Day regenerating liver 5 7.9 + 0.3 3.8 + 0.2 16.6 + 0.6 2.6 + 0.2 5.2 + 0.7 
Fisher strain rats 
Normal liver 3 6.0(4.4-7.1) 3.7(2.7-4.3) 15.3(12.4-17.6) 1.7(1.7-1.8) 
Tumor 3 3.7(3.5-4.0) 2.0(1.7-2.3) 6.4(6.1-6.5) 2.3(2.1-2.6) 


* Values are mg of lipid per g moist tissue. 


Means and standard errors of means are given. 


Where three animals or less constitute 


a group, the figures in parenthese indicate ranges within which the values fell. 


TABLE II 
Acetate-C'4 uptake in lipids of rat livers* 
Tissue No. Cephalin Inositol phosphatide Lecithin Sphingomyelin Triglyceride 

Normal liver 6 541 + 62 224 + 29 420 + 59 1082 + 49 662 (584-782) 
18-Hour regenerating liver 2 559 (476-643 ) 587 (535-640 ) 401 (321-499) | 3517 (2974-3517) 

3-Day regenerating liver 6 1203 + 154 1166 + 96 1158 + 130 3258 + 388 1026 (992-1061 ) 

Fatty acids 

Normal liver 3 153 (141-194) 72 (55-102) 214 (141-255) 79 (22-148) 173 (127-213) 
3-Day regenerating liver 3 1008 (696-1536) | 532(323-865) | 1314(896-2125) 342 (154-475) 1568 (619-2932) 


* Values are means and standard errors of the means, given as counts per minute per mg lipid. Where three animals or less consti- 


tuted a group, ranges of the values are given in parentheses. 


Holtzmann rats were employed. 


TABLE III 
Acetate-C'4 uptake in lipids of rat tissues* 
Tissues No. Cephalin Inositol phosphatide Lecithin Sphingomyelin Triglyceride 

Normal liver 6 717 + 81 353 + 21 575 + 61 970 + 72 2129 + 218 
Transplanted tumor 6 487 + 44 584 + 17 720 + 32 1216 + 121 426T (363-471) 

Fatty acids 
Normal liver 6 614 + 112 267 + 32 655 + 87 227 + 32 1277 + 260 
Transplanted tumor 3 650 (481-838 ) 1145(813-1706) 1298 (979-1686 ) 410 (234-547 ) 526 (431-610) 


* See footnote, Table II. Fisher rats were employed. 
t There were three observations in this group. 


change in the lecithins and sphingomyelins (Table III). There 
was no change in the specific activities of the fatty acids of tumor 
cephalins or sphingomyelins, an increase in those of the inosi- 
tol phosphatides, and lecithins, and a decrease in that of the 
triglycerides. 

When pt-glycerol-1-C' was administered to rats the radio- 
activity was found almost exclusively in the nonfatty acid por- 
tions of the lipids. For example, the C™ specific activities of 
the cephalin, inositol phosphatide, and lecithin fatty acids from 
normal livers were found to be 12, 6, and 10, respectively. 
These values may be compared to the specific activities of the 
total lipids shown in Table IV. 


The patterns of incorporation of glycerol-C" into lecithin and 
cephalin resembled one another, as regeneration proceeded (Ta- 
ble IV), but differed from that in the triglycerides. There was 
an increased uptake of radioactivity at 18 hours in all the lipids 
examined, the greatest increase occurring in sphingomyelin. 
The uptake in the cephalins and lecithins was further increased 
at 3 days, but that of inositol phosphatides, sphingomyelins, 
and triglycerides remained unchanged. The specific activities 
of cephalins, inositol phosphatides, lecithins, and triglycerides 
of tumors were much lower than those seen in normal livers, 
whereas that of sphingomyelins did not differ between tumors 
and normal livers (Table IV). 
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TABLE IV 
Glycerol-C'* uptake in lipids of rat tissues* 
Tissue No. Cephalin Inositol phosphatide Lecithin Sphingomyelin Triglyceride 

Liver 

Normal f 7 1104 + 47 700 + 59 835 + 98 731 + 30 1468 + 178 

18-hour regenerating 2 1665 (1605-1725) | 1642(979-2306) |1253(1112-1394) | 1851 (1120-2583) | 3035(2126-3944) 

3-day regenerating 4 2027 + 281 1644 + 111 1889 + 102 1646 + 76 2939 + 285 
Transplanted tumorft 3 232 (190-276) 337 (255-430) 368 (301-490) 605 (459-704 ) 216 (168-300 ) 


* See footnote, Table IT. 

t This group consisted of 4 Holtzmann rats and 3 Fisher rats. 
ment, and they were therefore considered as a single group. 

t Tumors were transplanted into Fisher strain rats. 


DISCUSSION 


The magnitude of lipid labeling from acetate-C™ is usually 
assumed to reflect the rate of lipid synthesis, and the specific 
activities, determined under the conditions employed here, 
probably indicate relative rates of synthesis of the various 
lipids. Similarly, since glycerol-C™ appears, from these experi- 
ments and those of others (11-13) to be incorporated intact 
into the lipids with very little of its radioactivity appearing 
in other portions of the lipid molecules, the specific activities 
observed here (Table IV) might be considered to indicate rela- 
tive rates of esterification of glycerol into the lipid molecules. 
Furthermore, when acetate-C™ is administered to animals the 
amounts of radioactivity found in the fatty acid moieties of 
the lipids investigated probably are dependent chiefly upon 
both the rates of formation of the acids and the rates of their 
esterification into the lipids. These considerations as well as 
any interpretations of the data stemming from them must be 
approached cautiously in view of the complexity of the system 
(the whole animal) employed here. However, certain tentative 
conclusions might be drawn. 

After administering acetate-C"™ the fatty acids of the inositol 
phosphatides and sphingomyelins from both normal and 3-day 
regenerating livers possessed much lower specific activities than 
the fatty acids of cephalins or lecithins of the corresponding 
tissues. The fact that in the regenerating livers the intact mole- 
cules possessed as high (inositol phosphatides) or higher (sphingo- 
myelins) specific activities, suggests that the low specific ac- 
tivities of the fatty acids of these two phospholipids (Table 
II) result from relatively low esterification rates, and that the 
nonfatty acid portions of these lipids incorporated radioactiv- 
ity relatively rapidly. An alternate explanation, which does 
not seem likely, would require that a pool of fatty acids that 
is formed relatively slowly from acetate is available to these 
two phospholipids and not to the others. 

The data of Tables II and IV suggest that with the onset 
of rapid mitotic activity there is a 5- to 7-fold increase in the 
uptake of fatty acid radioactivity into the lipids. Concurrently 
there is an approximate doubling of the uptake of glycerol- 
C4, 7.e. a doubling of the esterification rate incorporating glycerol 
into the lipid molecules, so that the net increase in fatty acid 
synthesis during mitotic activity in these livers is only ap- 
proximately one-half the apparent increase, or 25- to 33-fold. 

In tumors, on the other hand, there is a decrease in the up- 
take of glycerol-C™ into the lipids, hence presumed decreased 


No differences could be seen between the two strains in this experi- 


esterification rates, to values $ to 3 those of the normal livers. 
This is accompanied by either no change or an increase in the 
specific activities of the fatty acids in the phospholipids after 
acetate-C™ administration. Clearly there is a greatly increased 
formation of fatty acids in tumors over that seen in normal 
liver, masked however by the decreased esterification occurring 
in the tumors. As a rough approximation, it is estimated that 
fatty acid formation is increased at least as much in tumors 
as it is in the 3-day regenerating livers, when both are compared 
to the normal livers. 

It would appear from the data of earlier studies (6) together 
with those presented here, that when a rat is partially hepa- 
tectomized, there is an increased esterification of fatty acids 
during the premitotic (hypertrophic) phase of regeneration, into 
the cephalin, lecithin, and triglycerides, and that it is further 
increased during the period of mitotic activity. The increased 
esterification of inositol phosphatides and sphingomyelin that 
occurs coincident with premitotic activity is not further changed 
during mitosis, and is probably not peculiarly associated with 
it. Accompanying these changes is an increased formation of 
fatty acids, that occurs only when mitotic activity is initiated. 
In tumors the esterification rates are decreased, despite the 
fact that considerable mitotic activity is present. There is, 
however, a markedly increased formation of fatty acids from 
acetate. 

The observation of Medes et al. (14) that fatty acids are 
incorporated into the lipids of tumors is confirmed, but the 
present data indicate that it occurs to a relatively limited ex- 
tent. The increased formation of fatty acids in the mitotic — 
phase-regenerating livers is accompanied by an increased es- 
terification of the acids into glycerides and phospholipids, but 
not by increased tissue concentrations of either of the latter. 
Apparently the lipids are metabolized in these forms as rapidly 
as they are synthesized. In tumors there is an increased for- 
mation of fatty acids, and they are presumed to be utilized 
as such, for they are not incorporated to an increased extent 
into phospholipid or glyceride molecules. Perhaps they are oxi- 
dized by the tumor as an energy source (15), and are not 
available for incorporation into other lipid forms. 


SUMMARY 


Sodium acetate-2-C™ or were administered 
separately to normal and partially hepatectomized rats, and 
to rats bearing a transplantable adenocarcinoma, and the in- 
corporation of radioactivity into cephalins, inositol phosphatides, 


Z 
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lecithins, sphingomyelins, triglycerides, and their fatty acids 
was measured. 

The premitotic phase of liver regeneration was associated with 
an increased uptake of acetate-C' into inositol phosphatides 
and sphingomyelins, no change in its uptake into cephalins or 
lecithins, and with an increased incorporation of glycerol-C™ 
into all the phospholipids studied as well as the triglycerides. 
During the mitotic phase of liver regeneration there was an 
increased uptake of acetate-C' into the cephalins, lecithins, 
and triglycerides, an increase in the specific activities of fatty 
acids of all the lipids, and no further change in the uptake of 
glycerol-C* into any of the lipids. 

In tumors there was a decreased uptake of acetate-C into 
cephalins and triglycerides, an increased uptake into inositol 
phosphatides, and no change in that in the sphingomyelins. 
Specific activities of fatty acids of tumor cephalins and sphingo- 
myelins did not differ from the normal, whereas those of inositol 
phosphatides and lecithins were increased, and those of the 
triglycerides were decreased. ‘There was a decreased uptake of 
glycerol-C"4 into all the lipids of tumors except sphingomyelins, 
when compared with normal livers. 
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The enzymatic synthesis of inositol monophosphatide has been 
described in reports by Agranoff et al. (1), Thompson et al. (2), 
and Paulus and Kennedy (3, 4). An enzymatic reaction in 
which free inositol is incorporated into inositol phosphatide, stim- 
ulated by the addition of any of a number of cytidine nucleotides, 
including cytidine 5’-monophosphate and cytidine diphosphate 
choline, was first observed by Agranoff et al. (1) and confirmed 
by other workers (2-4). To explain the effect of CDP-choline, 
a mechanism was postulated (1) for the biosynthesis of inositol 
monophosphatide involving a reaction between CDP-choline and 
phosphatidic acid, with the formation of cytidine diphosphate 
diglyceride (Fig. 1). Evidence for the formation of a chloro- 
form-soluble compound from radioactive CMP was obtained in 
an experiment by Agranoff et al. (1). The amounts of product 
obtained were too small to permit satisfactory characterization, 
and it was not shown that this transformation was in fact related 
to the incorporation of inositol into lipid. Nevertheless, this 
experiment provided an important clue to the nature of the 
cytidine nucleotide intermediate. 

In experiments to be described in this paper, we have found 
that free inositol may be incorporated into lipid as a result of an 
enzymatic exchange reaction with inositol phosphatide present 
in the enzyme preparation, In the presence of saturating 
amounts of manganese ions, this exchange takes place at max- 
imal rates in the absence of any added cytidine nucleotides. In 
the presence of low amounts of manganese ions, a stimulation of 
the exchange by cytidine nucleotides may be observed, similar 
to the effects reported by Agranoff et al. (1) and Thompson et al. 
(2). It appears that this exchange is not directly related to the 
synthesis de novo of inositol monophosphatide. 

In the synthesis de novo of inositol monophosphatide, on the 
other hand, t-a-glycerophosphate-P* is converted to inositol 
monophosphatide by a pathway in which the phosphatide-phos- 
phorus is derived from L-a-glycerophosphate, and is thus strik- 
ingly different from the enzymatic synthesis of lecithin and of 
phosphatidyl ethanolamine (5). The synthesis de novo of inositol 
monophosphatide from L-a-glycerophosphate specifically requires 
CTP. CDP-choline is inactive; this and other evidence rules 
out the postulated role (1) of CDP-choline in the biosynthesis of 
inositol monophosphatide in our system. 

Evidence will be presented in support of the following reaction 
scheme accounting for the synthesis of inositol monophosphatide 
in particulate enzymes derived from liver: 


* Supported by grants from the Life Insurance Medical Re- 
search Fund, the Nutrition Foundation Inc., and the National 
Institute of Neurological Diseases and Blindness (Grant B-1199). 

t Predoctoral Fellow of the National Science Foundation. 
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sertation in partial fulfillment of the requirements for the Doc- 
torate of Philosophy at the University of Chicago. 


L-a-Glycerophosphate + 
2 RCO—S—CoA — phosphatidic acid (1) 
Phosphatidic acid + CTP = CDP-diglyceride + P—P; (2) 
CDP-diglyceride + (3) 
inositol — inositol monophosphatide + CMP 


Two types of CDP-diglyceride, CDP-dipalmitin and CDP-di- 
laurin, have been synthesized by chemical procedures based on 
the method used for the synthesis of CDP-choline (6) and isolated 
in analytical purity by chromatography on silicic acid. The 
purified synthetic materials have been shown to have the prop- 
erties required of intermediates in the above reaction sequence. 

Preliminary reports on some of this work have been published 
(3, 4). 


EXPERIMENTAL 


Materials and Methods 


Microsomes were prepared by homogenizing fresh-frozen 
chicken livers in four volumes of 8.5 per cent sucrose. Debris, 
nuclei, and mitochondria were removed by centrifuging in a 
Servall refrigerated centrifuge at 10,000 x g for 10 minutes, and 
the microsomes were sedimented by centrifugation at 25,000 x g 
for 100 minutes. The sedimented particles were washed twice 
with the homogenizing medium, resuspended in 0.05 m Tris buffer 
pH 7.4, and dialyzed overnight in the cold against several 
changes of buffer. Similar preparations were also made from 
fresh rat liver. 

Inositol randomly labeled with tritium by the method of Wilz- 
bach (7) was obtained from the New England Nuclear Corpora- 
tion. The crude tritiated product was purified as described by 
Charalampous and Abrahams (8) by chromatography on Dowex 
1-borate followed by repeated recrystallization from aqueous 
ethanol. The purified product melted at 225-226° (uncorrected). 
The radioactivity of tritiated inositol was determined by count- 
ing in a windowless gas flow counter. Standards were counted 
under identical conditions to correct for self-absorption. 

Radioactivity incorporated into the lipid fraction was deter- 
mined as described by Weiss et al. (9), except that the extraction 
was carried out with methanol at 55° and chloroform was used 
instead of carbon tetrachloride. If the incorporation of inositol- 
H? was measured, an incubation mixture which did not contain 
labeled inositol was carried through the same procedure, and to 
the aliquot of the chloroform extract containing the lipids on the 
aluminum planchet a known amount of inositol-H? in 90% eth- 
anol was added. This planchet served as a standard for the 
experiment, and in this way correction was made automatically 
for self-absorption. 

Inositol monophosphate was isolated from the acetone-insolu- 
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Fic. 1. Structure of CDP-diglvceride 


ble fraction of horse liver lipids (Viobin Corporation, Monticello, 
Illinois) by hydrolysis in a mixture of 10 N sulfuric acid, chloro- 
form, and methanol (2:9:9 by volume) at 65° for 30 minutes. 
The hydrolysis mixture was extracted with water, the aqueous 
solution neutralized with barium hydroxide, and, after removal 
of the barium sulfate by centrifugation, the supernatant solution 
was chromatographed on a column of Dowex 1-X10 formate by 
gradient elution with 250 ml of water initially in the mixing 
chamber and 1 Nn formic acid in the reservoir. Inositol mono- 
phosphate was eluted after about 250 ml and was well separated 
from glycerylphosphorylinositol and a-glycerophosphate. The 
fractions containing the product were combined, taken to dry- 
ness in a vacuum to remove the formic acid, and redissolved in 
a small volume of water. Barium hydroxide was then added to 
pH 9, and the barium inositol phosphate was recrystallized sev- 
eral times from aqueous ethanol. 

Inositol monophosphate in the chromatographic fractions was 
conveniently assayed as periodate-labile phosphate by a modifica- 
tion of the method of Burmaster (10) for the determination of 
a-glycerophosphate. 

ATP labeled with P® predominantly in the terminal position 
was prepared by a method similar to that of Lowenstein (11). 

L-a-Glycerophosphate-P® was prepared from ATP® and glyc- 
erol, with the use of glycerokinase purified as far as the heat 
treatment step by the method of Bublitz and Kennedy (12), as 
follows. To 68 ml of glycerokinase in 0.1% glycerol (about 6 
mg of protein per ml) were added 6.0 ml of 0.18 m cysteine (neu- 
tralized), 5.0 ml of 0.5 M potassium fluoride, 0.6 ml of 0.1 M mag- 
nesium chloride, and 0.66 ml of glycerol. The pH was carefully 
adjusted to 9.0 with 1.5 mM ammonium hydroxide, and a solution 
of 60 umoles of ATP® in 105 ml, adjusted to pH 9.0, was added. 
The mixture was incubated at 37° for 3 hours, then passed over 
a column of Dowex 1-X10 formate and chromatographed by 
gradient elution with 250 ml of water initially in the mixing 
chamber and 2 Nn formic acid in the reservoir. The fractions 
containing a-glycerophosphate were combined, extracted four 
times with 100 ml of diethyl ether, and the volume reduced to 
30 ml on a rotary evaporator below 30°. The aqueous solution 
was extracted overnight with ether in a Kutscher-Steudel ex- 
tractor to remove formic acid, and then carefully neutralized 
and concentrated under reduced pressure. .L-a-Glycerophos- 
phate was determined enzymatically, with glycerophosphate de- 
hydrogenase, by the method of Bublitz and Kennedy (12). The 
yield of L-a-glycerophosphate-P® was 36 wmoles with a specific 
activity of about 1.2 K 10° c.p.m. per umole. 

Dipalmitoyl-L-a-glycerophosphate-P* was prepared by the 
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following method: 1 mc of carrier-free orthophosphate-P® and 
750 umoles of phosphoric acid were heated overnight at 110° in 
a conical centrifuge tube. ‘ The tube was allowed to cool to room 
temperature in a desiccator over phosphoric anhydride, 750 
moles of phosphorus pentachloride were added, and the paste 
was stirred and then tightly stoppered. After 30 minutes, 1 ml 
of dry dimethyl formamide was added, and the tube was allowed 
to stand at room temperature for another 30 minutes. A solu- 
tion of 500 umoles of p-a,8-dipalmitin, prepared by the method 
of Howe and Malkin (13), in 6 ml of anhydrous pyridine was 
then added with stirring, and the reaction was allowed to proceed 
at room temperature for 3 hours. The reaction was then ter- 


minated by the addition of a small amount of water, and, after — 


acidification with sulfuric acid, the mixture was extracted with 
ether and the ether solution was washed several times with cold 
2 n sulfuric acid and then with water. The ether was evaporated 
in a vacuum, the residue taken up in benzene, and the benzene 
solution chromatographed on a column containing 10 g of silicic 
acid by gradient elution, with 250 ml of benzene initially in the 
mixing chamber and chloroform in the reservoir. After 250 ml 
the chloroform was replaced by methanol, and dipalmitoy]-t-a 
glycerophosphate was eluted, after about 40 ml, in a sharp peak. 


The yield was 100 umoles of dipalmitoyl-L-a-glycerophosphate- — 


P® of specific activity of 6 X 105 c¢.p.m. per umole. 

CMP labeled with P* was prepared as described by Weiss et 
al. (9), and was converted to a-P#-CTP by the method of Smith 
and Khorana (14) in a yield of about 10%. 

Dipalmitoyl-pL-a-glycerophosphate was obtained from 
a,8-dipalmitin by the method of Baer (15). The material was 
stored as the disodium salt and converted to the free acid shortly 
before use by suspending the sodium salt in aqueous hydrochloric 
acid and extracting the free acid with ether. The ether solution 
was washed several times with water and then evaporated to 
dryness on the rotary evaporator. Dilauroyl-pL-a-glycerophos- 
phate was prepared from piL-a,8-dilaurin by the same procedure. 

The chemical synthesis of CDP-dipalmitin was carried out as 
follows: 600 mg of dipalmitoyl-pL-a-glycerophosphoric acid and 


350 mg of CMP (free acid) in 44 ml of pyridine and 6 ml of water | 
were stirred with 10 g of N,N’-dicyclohexylearbodiimide for 2 | 


days at 40-45°. At the end of that period, 100 ml of water were 
added, and the precipitated dicyclohexylurea was removed by 
centrifugation and washed once with 100 ml of water. To the 
combined turbid supernatant solutions, 2.5 g of barium acetate 
were added slowly with stirring, and the precipitate was collected 
by centrifugation and washed with water. (By allowing the 
suspension to stand in the cold overnight before collecting the 
precipitate, the yield can be increased to about 12%.) The 
mixed barium salts of phosphatidic acid and CDP-dipalmitin 
thus obtained (approximately 0.5 g) were then dissolved in a 
mixture of 1 ml of 4 Nn hydrochloric acid, 10 ml of methanol, and 
10 ml of chloroform. An excess of water was added and the 
chloroform phase washed several times with water and finally 
dried with anhydrous sodium sulfate. The dry chloroform solu- 
tion was chromatographed on a column containing 10 g of silicic 
acid by gradient elution with 250 ml of chloroform initially in 
the mixing chamber and methanol in the reservoir. CDP-di- 


palmitin was eluted as a discrete peak by about 20% methanol, 
and the fractions containing the product, identified by its char- 
acteristic ultraviolet absorption at 280 my, were combined and 
taken to dryness in a vacuum. The yield was 61 mg (6%) of 
CDP-dipalmitin with a cytidine-phosphorus-ester ratio of 1.00: 


ratiol 


1.93 

on t 
by ] 
whic 

Oo 

CDI 
as t 
dispe 
aque 
brea! 
pose: 

dias 

| pres 

enzy 
| 
was 

| 
and 

a st 

| 280 
p 

tion) 
| D-| 
sose-: 
At 

synt 

the 

step 

phor 

prese 
| varie 
occu 

I 

Upo 

rat o 

a raj 
notec 
thorc 

dica 
man 

for o 

abou 

is sh 
Ide 

were 
carrie 

phos 

rier ¢ 
meth 


(16). 
Shapiro (17), with ether as 


_ phorylation by a kinase at the expense of ATP (5). 
_ experiments in which inositol was incubated with ATP in the 
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1.93:2.03. The purity of the product was at least 93% based 
on the cytidine content, and further purification was achieved 
by precipitation from aqueous dispersion of the barium salt, 
which was obtained as a white, amorphous powder. 


CyusH79N30 1 sP2Ba ( 1089 4) 


Calculated: N 3.86, P 5.69, H 7.31, C 48.51 
Found: N 3.85, P 5.70, H 7.71, C 47.30 


CDP-dipalmitin is characterized by its solubility in chloroform 
as the free acid, whereas the potassium salt forms a clear aqueous 
dispersion. The potassium salt can be stored either dry or in 
aqueous dispersion at 0° for several weeks without significant 


- breakdown, whereas the free acid in chloroform solution decom- 


poses to a considerable extent in a few days at room temperature. 
|The product obtained by this method represents a mixture of 


_ diastereoisomers derived from DL-a-phosphatidic acid, so that 


presumably only one-half of the material can be expected to be 
enzymatically active. 

CDP-dilaurin was prepared in a similar manner from dilauroyl- 
pi-a-glycerophosphoric acid. CDP-dipalmitin labeled with P* 
was obtained with the use of CMP®. 

Total phosphorus was determined by the method of Gomori 
Ester determinations were done by the method of Stern 


a standard. Cytidine was measured spectrophotometrically at 
280 my in 0.01 N hydrochloric acid, assuming a molar absorbancy 
at pH 2 and 280 my of 13 X 10® mole cm?. 

The silicic acid used in chromatography (Bio-Rad Corpora- 
tion) was activated at 110° for 12 hours before use. 

p-Inositol, L-inositol, pinitol, myo-inosose-2, and DL-epi-ino- 
sose-2 were gifts of Dr. F. C. Charalampous. 


EXPERIMENTAL RESULTS 


Attempts to Demonstrate an Inositol Kinase—If the enzymatic 
synthesis of inositol monophosphatide were directly analogous to 
the biosynthesis of lecithin, it might be expected that the first 
step in the transformation of inositol to lipid would be phos- 
Exploratory 


presence of crude extracts of liver and other tissues under a 
variety of experimental conditions yielded no evidence for the 
occurrence of an inositol kinase in mammalian tissues. 

Incorporation of Inositol-H* into Inositol Monophosphatide— 
Upon incubation of inositol-H? in the presence of homogenates of 
rat or chicken liver in Tris buffer containing manganese chloride, 
a rapid incorporation of radioactivity into the lipid fraction was 
noted (Table I). A similar incorporation was also observed with 
thoroughly washed and dialyzed chicken liver microsomes, in- 
dicating that the reaction required no soluble cofactor except 
manganese ions. The reaction proceeded at nearly a linear rate 
for over 2 hours. The pH optimum for the rat liver enzyme was 
about 7.3 (Fig. 2). The dependence upon inositol concentration 
is shown in Fig. 3. 

Identification of Radioactive Product—The radioactive lipids 
were extracted from the incubation mixture after an experiment 
carried out under the conditions shown in Table I. A crude 
phospholipid fraction derived from horse liver was added as car- 
rier and the lipids were hydrolyzed in sulfuric acid-chloroform- 
methanol as described above. Upon chromatography of the 


water-soluble products of hydrolysis, as described for the prepa- 
ration of inositol monophosphate, 75% of the radioactivity was 
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recovered in the inositol monophosphate and glycerylphosphory]- 
inositol fractions (Fig. 4). This indicates that the radioactivity 
was incorporated largely or entirely as inositol into inositol mon- 
ophosphatide. 

Effect of Manganese Ions on Stimulation by Cytidine N ucleotides 
—It was observed by Agranoff et al. (1) that the incorporation 
of inositol into lipid in an enzyme system derived from kidney 
was stimulated by the addition of any of a number of cytidine 
nucleotides. Essentially similar effects may be observed with 
our rat or chicken liver enzyme preparations, but it has been 
found that such a stimulation by cytidine nucleotides depends 


TaBLeE I 
Incorporation of inositol-H* into inositol monophosphatide 


Each tube contained 0.5 ml of a homogenate of chicken liver 
(1 g of wet tissue per 4 ml of 0.05 m Tris buffer pH 7.4, dialyzed 
against the same buffer) and 1.2 uwmoles of inositol-H? in a total 
volume of 1.0 ml, and was incubated at 40° for 2 hours. 


Additions 
mymoles 
2 umoles of MnCl: (boiled enzyme)........... 0 
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Fic. 2. Optimum pH values. Each tube contained 0.5 ml of a 
dialyzed rat liver homogenate in 0.1 Mm phosphate buffer, 1.0 umole 
of inositol-H?, 2 umoles of MnCl, and 1 zmole of CTP in a total 
volume of 1.0 ml and was incubated at 40° for 2 hours. The pH 
was varied as shown. 


0.5 1.0 iS 29 - 
MOLES H-INOSITOL ADDED 

Fic. 3. The effect of varying inositol-H* concentration. The 
conditions of the experiment were the same as in Fig. 2, except 


that the pH was 7.4 and the inositol concentration was varied as 
shown. 
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FRACTION NUMBER 

Fic. 4. Chromatography on Dowex 1-formate of mild acid 
hydrolysate of H?-lipids and acetone-insoluble fraction of horse 
liver lipids (see text). Dotted lines indicate radioactivity in 
counts per minute X 10-* per fraction; solid lines indicate peri- 
odate-labile phosphate in wmoles per fraction. Peak (a) corre- 
sponds to glycerylphosphorylinositol. Peak (6) represents inosi- 
tol monophosphate. 


TABLE II 

Stimulation of inositol-H* incorporation by cytidine nucleotides 

Experiment 1: each tube contained 0.5 ml of dialyzed rat liver 
microsomes in 0.02 m Tris buffer pH 7.4, 1.2 umoles of inositol-H?, 
and 2.0 wmoles of MnCl, in a final volume of 1.0 ml and was in- 
cubated at 40° for 1 hour. 

Experiment 2: same as Experiment 1, except that the micro- 
somes were suspended in 0.1 m phosphate buffer pH 7.4. 


Additions 
mumoles 
Experiment 1 
98 
50 wmoles of phosphate, pH 7.4............... 23 
50 umoles of phosphate + 1 umole of CTP.... 118 
Experiment 2 
1 umole of CDP-choline...................... 126 


TaB_e III 
Dependence of cytidine nucleotide stimulation on 
manganese concentration 
The experimental conditions were the same as shown in Table 
II (Experiment 1). The manganese chloride and CMP concen- 
trations were varied as indicated. 


Inositol-H® incorporated 
MnCl: added 
CMP omitted «wmole CMP added 
pmoles myumoles myumoles 
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upon the buffer used and on the concentration of manganese 
ions. 

Using Tris buffer, the incorporation of inositol occurs at nearly 
maximal rates in the absence of added cytidine nucleotides. If 
phosphate buffer is used, or if phosphate is added to the enzyme 
system in Tris buffer, then a stimulation by cytidine nucleotides 
is noted (Table II). Since one effect of the phosphate might be 
to form complexes with divalent cations, the requirement for 
metal ions was investigated in greater detail (Table III). At 
low concentrations of manganese ions, a definite stimulation by 
CMP is observed, but with saturating amounts of manganese, 
there is no appreciable effect of cytidine nucleotides. 

The incorporation of inositol into lipid in Tris buffer contain- 
ing manganese chloride, with no source of metabolic energy and 
with no added cytidine nucleotides, using thoroughly dialyzed 
enzyme preparations, proceeds at an almost linear rate for 2 
hours, suggesting that it is the result of an enzymatic exchange 
of free inositol with inositol monophosphatide in the enzyme 
preparations. The nonspecificity of the cytidine nucleotide ef- 
fects also supports this view. 

Test of CDP-choline as Possible Intermediate—If CDP-choline 
were involved in the incorporation of inositol into inositol mono- 
phosphatide as suggested by Agranoff et al. (1), then the incor- 
poration of inositol should lead to a release of phosphorylcholine 
from CDP-choline. This was tested, using CDP-choline labeled 
with choline-1,2-C. The incorporation of inositol was found 
not to be accompanied by the release of phosphorylcholine from 
CDP-choline. 

Incorporation of 1-a-glycerophosphate-P® into Inositol Mono- 
phosphatide—Since the existence of the exchange reaction seemed 
to limit the usefulness of labeled free inositol as a tracer, an in- 
vestigation of the synthesis de novo of inositol monophosphatide 
was attempted with L-a-glycerophosphate-P* as tracer. The 
experiments were carried out as follows: 0.5 ml of a homogenate 
of guinea pig liver (1 g of wet weight in 4 ml of 0.05 m phosphate 
buffer pH 7.4, dialyzed against the same buffer) was incubated 
with 0.5 uwmoles of L-a-glycerophosphate-P*, an acylating system 
consisting of CoA, ATP, and oleic acid, and the appropriate ad- 
ditions, at 37° for 2 hours. At the end of the reaction, the radio- 
active lipids were extracted and hydrolyzed as described above 
for the preparation of inositol monophosphate. Inositol] mono- 
phosphate, 20 umoles, was added as carrier to the aqueous extract 
of the reaction mixture, and the solution was neutralized to pH 
8 to 9 with potassium hydroxide, and chromatographed on 
Dowex 1-formate as already described. The radioactivity of the 
fractions containing inositol monophosphate was determined. 
As shown in Table IV, the greatest radioactivity was found only 
if the reaction mixture contained both CTP and free inositol. 

Since under these conditions of hydrolysis 95% of the phos- 
phatidic acid phosphorus remained chloroform-soluble, whereas 
95 to 100% of the inositol monophosphatide phosphorus became 
water extractable and could be recovered as inositol monophos- 
phate (66%) and glycerylphosphorylinositol, the assay system 
could be simplified by merely determining the radioactivity ex- 
tracted by water from the hydrolysis mixture and correcting the 
value obtained for a 5% hydrolysis of phosphatidic acid, the lat- 
ter being measured by counting an aliquot of the chloroform 
phase of the hydrolysate. This method, which does not entail 
tedious chromatography of the hydrolysis products, gives results 
which are in complete agreement with the values obtained by the 
chromatographic procedure and, hence, yields an accurate meas- 
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TABLE IV 
Chromatographic isolation of inositol monophosphate-P* 
from lipid hydrolysate 

Each tube contained 0.5 ml of a dialyzed homogenate of guinea 
pig liver in 0.05 m phosphate buffer pH 7.4, 0.5 umoles of L-a- 
glycerophosphate-P® (1.7 X 10° c.p.m. per umole), 1.0 wmoles of 
CoA, 0.1 umoles of oleic acid, 5.0 ymoles of ATP (added in por- 
tions), 3 wumoles of MnCl2, and 3 uwmoles of MgCl, in a total vol- 
ume of 1.42 ml and was incubated at 37° for 2 hours. The lipids 
were extracted, hydrolyzed, and the hydrolysate was chromato- 
graphed as described in the text. 


red 
Additions 
1 umole each c.p.m. 


uerment of the radioactivity incorporated into inositol monophos- 
phatide. With this simplified assay procedure, it could be shown 
that the conversion of L-a-glycerophosphate to inositol mono- 
phosphatide required the presence of free inositol and CTP, 
whereas other nucleoside triphosphates as well as CDP-choline 
were inactive (Table V). The inactivity of CDP-choline sharply 
distinguishes this system from the exchange reaction. 

Conversion of Labeled Phosphatidic Acid to Inositol Monophos- 
phatide—Since L-a-glycerophosphate is readily converted to phos- 
phatidic acid under the experimental conditions described in 
Table V, an experiment with synthetic dipalmitoyl phosphatidic 
acid labeled with P* was carried out (Table V1). It was found 
that phosphatidic acid was converted to inositol monophos- 
phatide, and that this reaction required CTP and inositol for 
maximal activity. However, the activity observed with the syn- 
thetic phosphatidic acid was considerably less than with L-a- 
glycerophosphate asa precursor. This is probably because of the 
relative insolubility of phosphatidic acids containing two satu- 
rated fatty acid residues. Phosphatidic acid generated in situ 
from L-a-glycerophosphate probably contains unsaturated fatty 
acid residues and is much more readily available to the enzyme 
surface. 

Enzymatic Conversion of CTP to CDP-diglyceride—The require- 
ment of CTP as a specific cofactor for the conversion of L-a- 
glycerophosphate or phosphatidic acid to inositol monophos- 
phatide suggested that CTP might react with phosphatidic acid 
to form CDP-diglyceride as shown in Reaction 2. In such a 
reaction the terminal pyrophosphate moiety of CTP would be 
eliminated as inorganic pyrophosphate. CTP labeled in the 
a-position with P® was accordingly prepared and tested in a 
system containing components essential for the generation of 
phosphatidic acid (ATP, CoA, fatty acid, and L-a-glycerophos- 
phate). In the absence of inositol, an accumulation of a radio- 
active, ether-soluble substance was observed (Table VII). The 
addition of inositol to the system prevented the accumulation of 
the labeled lipid derived from CTP, suggesting the occurrence of 
Reaction 3. Evidence that the labeled lipid is CDP-diglyceride 
will be presented in a later section of this paper. 

In other experiments, the addition of unlabeled CDP-choline 
to the system did not diminish the amount of radioactivity con- 
verted to lipid, indicating that CDP-choline is not an intermedi- 
ate in the formation of CDP-diglyceride. 
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TABLE V 
Conversion of L-a-glycerophosphate-P® to 
tnositol monophosphatide 
(Conditions of the experiment were as shown in Table IV) 


converted to fou e 
1 pmole each mumoles 
0.0 
Inositol + CDP-choline............... 1.3 
TABLE VI 
Conversion of L-a-phosphatidic acid-P*® to inositol 
monophosphatide 


Each tube contained 0.5 ml of a dialyzed homogenate of guinea 
pig liver in 0.05 m phosphate buffer pH 7.4, 0.2 uwmoles of dipal- 
mitoyl-L-a-glycerophosphate-P® (600,000 c.p.m. per umole), 2 
umoles of MnCle, 2 umoles of MgCl: in a total volume of 1.0 ml 
and was incubated at 37° for 1 hour. 


L-a-Phosphatidic acid-P® 
Additions converted to inositol 
monophosphatide 
1 pmole each mumoles 
4.3 
6.9 
Inositol + CTP + pDL-a-glycerophos- 


TaBLeE VII 
Conversion of cytidine-P-P-P to CDP-diglyceride 

The conditions of the experiment were as shown in Table IV, 
except that 1.0 wmole of unlabeled pL-a-glycerophosphate was 
used and 1.0 umole of cytidine-P**-P-P (37,000 c.p.m. per umole) 
was added. After an incubation at 37° for 1 hour, the lipids were 
extracted with hot methanol, transferred to 10 ml of ether, and 
an aliquot of the washed ether layer was counted in a windowless 
gas flow counter. 


CDP-di i 
Additions 
myumoles 
1 umole of inositol............ 7 


Chromatography of Synthetic and Enzymatically Formed CDP- 
diglyceride—In an experiment essentially similar to that described 
in Table VII, dipalmitoyl-L-a-glycerophosphate-P® was incu- 
bated with unlabeled CTP and at the end of the experiment the 
lipids were extracted and chromatographed on silicic acid after 
the addition of synthetic CDP-dipalmitin (see ‘“Methods”’). 
The enzymatically formed labeled lipid was recovered in the 
same fraction as the synthetic CDP-diglyceride (Fig. 5). 
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Fic. 5. Chromatography of P*-lipid with carrier CDP-dipal- 
mitin. Dialyzed guinea pig liver homogenate (5.0 ml) in 0.05 m 
phosphate buffer, pH 7.4, was incubated with 5.0 uwmoles of di- 
palmitoyl-L-a-glycerophosphate-P” (268,000 c.p.m. per umole), 
10.0 zmoles of CTP, 20 wmoles of MnCl, and 10 uwmoles of DL-a- 
glycerophosphate in 10 ml at 37° for 1 hour. The lipids were 
extracted and chromatographed after the addition of synthetic 
CDP-dipalmitin as carrier on a column containing 10 g of silicic 
acid in chloroform. Phosphatidic acid was eluted by washing the 
column with 5% methanol in chloroform, whereupon CDP di- 
palmitin was obtained by gradient elution with 250 ml of 5% meth- 
anol in chloroform initially in the mixing chamber and methanol 
in the reservoir. | 

Solid lines represent optical density at 280 my per fraction; 
dotted lines represent radioactivity in counts per minute per frac- 
tion. 


TaBLeE VIII 
Reaction of cytidine-P®-P-dipalmitin with various polyols 
and phospholipid bases 

Each tube contained 0.5 ml of dialyzed chicken liver micro- 
somes in 0.05 m Tris buffer pH 7.4, 100 mumoles of cytidine-P*- 
P-dipalmitin (67,500 c.p.m. per umole), and 2 wmoles of MnCl, 
in a final volume of 1.0 ml and was incubated at 37° for 1 hour. 
At the end of the reaction, 6.0 ml of chloroform-methanol (1:1 
by volume) were added, followed by 5.0 ml of 0.1 N formic acid. 
An aliquot of the aqueous phase was plated on an aluminum 
planchet and counted in a windowless gas flow counter. 


Additions CMP® released* 


myumoles 
39 
0 
0 
1 
0 
0 
0 
0 
0 


* A blank (no addition) of 8 mumoles was subtracted from each 
of the experimental values obtained. 


Enzymatic Reaction of Synthetic CDP-diglyceride with Inositol— 
The reaction between synthetic CDP-dipalmitin and inositol has 
been demonstrated in several ways. In the first method, cyti- 


dine-P*-P-dipalmitin, prepared from CMP®, was used. The re- 
action of this substance with inositol according to Reaction 3 
would release CMP”, a water-soluble substance, from CDP- 
dipalmitin, which is insoluble in water as the free acid, but soluble 
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TaBLeE IX 
Reaction of various cyclitols with CDP-dipalmitin 

The experimental conditions were the same as those given in 
Table VIII, except that 340 myumoles of unlabeled CDP-dipal.- 
mitin were used. The reaction was stopped by the addition of 2 
ml of 10% perchloric acid, the precipitate removed by centrifuga- 
tion, and CMP in the clear supernatant measured spectrophoto- 
metrically at 280 and 260 muy. 


Additions CMP released 
2 umoles each mymoles 
0 


in chloroform. As shown in Table VIII, with the use of a mi- 
crosomal preparation from chicken liver this reaction does occur 
in the presence of added inositol, but not in the presence of a 
number of other polyols or phospholipid bases. 

Since CMP has a characteristic absorption spectrum at 260 
and 280 my, the release of CMP in Reaction 3 can be followed 
spectrophotometrically, dispensing with the need for labeled in- 
termediates. In one such experiment, the specificity of the 
chicken liver enzyme for various compounds related to myo- 
inositol was tested. Myo-inosose-2 and DL-epi-inosose-2 were 
found to be about 25% as active as myo-inositol, whereas other 
cyclitols were inert (Table IX). To test the possibility that the 
inosose preparations might contain some myo-inositol as im- 
purity, radioactive DL-epi-inosose-2 was prepared from tritiated 
inositol by oxidation with nitric acid (18) and purified by re- 
crystallization. The incorporation of this radioactive inosose 
was found to occur at a rate comparable to the activity in the 
spectrophotometric assay. The possibility, that the inososes 
might have been reduced enzymatically to myo-inositol before 
their reaction with CDP-dipalmitin, appears unlikely, since their 
incorporation into lipid was studied with dialyzed microsomal 
preparations in the absence of added reduced pyridine nucleo- 
tides. 

Effect of Varying Substrate Concentration—In the experiment 
shown in Fig. 6 the inositol concentration was varied. The re- 
action proceeded at one-half the maximal rate at an inositol con- 
centration of 1.2 10-3 

The rate of reaction is also dependent on the concentration of 
CDP-dipalmitin (Fig. 7). However, even under optimal condi- 
tions, the extent of reaction never exceeded fifty % of the sub- 
strate added. This suggests that only one stereoisomer of CDP- 
diglyceride is enzymatically active, whereas the synthetic 
CDP-dipalmitin consists of a mixture of two diastereoisomers 
derived from pL-a-phosphatidic acid. 

Requirement for Metal Ions—As shown in Fig. 8, 0.001 m 
manganese is necessary for optimal activity. Magnesium is less 
effective than manganese. 

Effect of pH on Activity—The reaction of CDP-diglyceride 
with inositol proceeds at optimal rate at pH 8 (Fig. 9). Espe- 
cially at lower pH values, the activity declines very rapidly. 

CDP-dilaurin—The reaction of inositol with CDP-dilaurin 
bears essentially the same characteristics as that with CDP- 
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Fic. 6. The reaction of CDP-dipalmitin with inositol. The 
conditions of the experiment were identical to those shown in 
Table VIII. The inositol concentration was varied as shown. 
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Fic. 7. Effect of varying CDP-dipalmitin concentration. Each 
tube contained 0.5 ml of chicken liver microsomes in 0.05 mM glycine 
buffer pH 8.3, 2 umoles of inositol, 2 wmoles of MnCle, and CDP- 
dipalmitin as shown in a total volume of 1.0 ml, and was incubated 
at 40° for the times indicated. CMP was measured spectropho- 
tometrically in the supernatant after deproteinization with per- 
chloric acid. 
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Fic. 8. Manganese requirement. Each tube contained 0.5 ml 


of chicken liver microsomes in 0.05 m Tris buffer pH 7.4, 0.48 
xumoles of CDP-dipalmitin, 2 wmoles of inositol, and MnCl: as 
shown in a final volume of 1.0 ml and was incubated at 40° for 1 
CMP release was determined spectrophotometrically. 


hour. 
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mu MOLES CMP RELEASED 


40 
6 7 8 9 10 
pH 


Fic. 9. Optimum pH values. Each tube contained 0.5 ml of 
chicken liver microsomes in 0.05 m glycine buffer of the appropri- 
ate pH, 0.48 umoles of CDP-dipalmitin, 2 wymoles of MnCl., and 
2 umoles of inositol in 1.0 ml and was incubated at 40° for 1 hour. 
The release of CMP was measured spectrophotometrically. 


TABLE X 
Reaction of inositol with CDP-dipalmitin 
The conditions of the experiment were the same as in Table 
IX. The release of CMP was measured spectrophotometrically, 
and the incorporation of radioactivity into the lipid fraction was 
measured in parallel experiments. 


Additions CMP released 
mumoles mumoles 
CPD-dipalmitin, 340 mumoles......... 0 
CDP-dipalmitin (340 myumoles) + 2 
pmoles of inositol................... 73 79 


dipalmitin. Both synthetic compounds react at nearly equal 
rates with inositol. 

Stoichiometry— Measurement of the stoichiometry of Reaction 
3 was complicated by the occurrence of the enzymatic exchange 
reaction described above. However, certain microsomal prepa- 
rations from chicken liver were found to exhibit a rather low 
activity in the exchange reaction in comparison to the activity 
in Reaction 3. With the use of such enzyme preparations, it was 
found that for each mole of CMP released from CDP-dipalmitin, 
1 mole of tritiated inositol was incorporated into lipid (Table X). 


DISCUSSION 


The experimental results reported here offer evidence that the 
enzymatic synthesis of inositol monophosphatide proceeds 
through a pattern of reactions which resembles those leading to 
the biosynthesis of lecithin and phosphatidyl ethanolamine (5) 
in that CTP and cytidine nucleotide intermediates are specifically 
required. However, there is a striking difference, in that phos- 
phatidic acid may be converted to inositol monophosphatide 
without prior dephosphorylation by phosphatidic acid phos- 
phatase. The inter-relationships of these biosynthetic processes 
are shown in Diagram 1. 
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DIAGRAM 1 


Relationship of enzymatic pathways involved in lecithin, inositol 
monophosphatide, and triglyceride synthesis 


L-a-Glycerophosphate 
RCO—S—CoA 


L-a-Phosphatidic acid 


CTP / 
CDP-diglyceride p-a, 8-Diglyceride 
Inositol / CDP-choline RCO—S—CoA 
“CDP-ethanolamine 
Inositol mono- Lecithin Triglyceride 
phosphatide Phosphatidyl 


ethanolamine 


It is characteristic of all reactions involving cytidine nucleo- 
tide coenzymes thus far discovered that they involve an unusual 
type of group transfer, in which the pyrophosphate bond of the 
coenzyme is broken and a phosphorylated residue is transferred 
as a unit to some other acceptor. This is true also of Reaction 3, 
in which phosphatidic acid is transferred from CDP-diglyceride 
to inositol. The name phosphatidic acid-inositol transferase is 
suggested for the enzyme catalyzing this reaction, in analogy to 
the phosphorylcholine-glyceride and phosphorylethanolamine- 
glyceride transferases (19). 

CDP-diglycerides are like other complex lipids, such as phos- 
phatidic acids, a ,8-diglycerides, and lecithins, in that they con- 
stitute a family of compounds, differing in the nature and position 
of fatty acid residues. The specificity of the various enzymes 
catalyzing the reactions of Diagram 1 toward substrates of vary- 
ing fatty acid composition and distribution, must be of crucial im- 
portance in the living cell. Dittmer and Hanahan (20) reported, 
for example, that the inositol monophosphatide of liver has an 
usually high proportion of arachidonic acid, and is thus different 
from other glycerophosphatides and the neutral fat of liver. It 
is also known that certain fatty acids may be preferentially in- 
corporated into the a- or 8-position of lecithin. In the light of 
present knowledge of the biosynthesis of complex lipids, the con- 
tent and distribution of fatty acids within the lipids of a given 
tissue must be the resultant of a complex pattern of specificities 
in the various enzymatic reactions shown. Unfortunately, the 
study of the specificity of these enzymes towards substrates of 
varying fatty acid composition is technically difficult, because 
most of these substrates are insoluble in water and must be 
emulsified in order to penetrate to the enzyme surface. Some 
evidence, however, has been obtained to suggest that the en- 
zymes catalyzing the synthesis of lecithin and of triglyceride, for 
example, have quite different specificities toward a ,B-diglycerides 
(21). 

The CDP-diglycerides are of interest in that they are not only 
nucleotide coenzymes, but also phospholipids, as has been pointed 
out by Agranoff et al. (1). This property is strikingly illustrated 


by the fact that purification and isolation of these cytidine nu- 
cleotides may be achieved by chromatography on silicic acid, 
with chloroform-methanol solvent systems. 

The scheme presently postulated for the biosynthesis of inositol 
monophosphatide is consistent with and helps to explain many 
findings ot previous workers, such as the failure to demonstrate 
an inositol kinase, the similarity of behaviour of inositol phos- 
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phatide and phosphatidic acid in turnover studies (22), and the 
incorporation of various radioactive precursors into inositol phos- 
phatide, studied by McMurray et al. (23). 

The cytidine nucleotides which stimulate the exchange of free 
inositol with inositol monophosphatide in the presence of limiting 
amounts of manganese all might be expected to undergo some 
enzymatic hydrolysis to CMP. Manganese is a cofactor for 
Reaction 3 in which CMP is a product. The following mecha- 
nism for this reaction, which would also account for the exchange, 
must therefore be considered. 


Cyt-P-P-diglyceride + 
enzyme — enzyme-P-diglyceride + CMP 
Enzyme-P-diglyceride + 


Mn++ (5) 


inositol < ~ inositol-P-diglyceride + enzyme 


Either or both of these reactions might require manganese, and 
it is possible that the enzyme might have a higher affinity for a 
CMP-Mn*+ complex than for free Mn++. This would explain 
the stimulation by CMP only at low concentrations of Mn*t, 
but no direct evidence supporting such a mechanism has yet been 
obtained. 

The phosphatidic acid-inositol transferase of liver is not com- 


pletely specific for myo-inositol, since appreciable activity is | 


found with myo-inosose-2 and DL-epi-inosose-2. These results 
offer some support for the conclusion (24) that the polyol is 
linked through the 1-position rather than through the 2-position 
in inositol monophosphatide. It has recently been found by 
Posternak et al. (25) that inositol antagonists may be incorpo- 
rated into phosphatide by yeast, suggesting that the yeast en- 
zyme, like the liver enzyme, is incompletely specific for myo- 
inositol. 

Two cytidine nucleotides isolated by Baddiley et al. (26, 27) 
from Lactobacillus arabinosus have been identified as CDP-glyc- 
erol and CDP-ribitol. The possibility was considered that 
CDP-glycerol might be an intermediate in the conversion of 
L-a-glycerophosphate to inositol monophosphatide. With the 
aid of a sample of CDP-glycerol generously provided by Profes- 
sor Baddiley, an attempt was made to determine if this compound 
could be formed by the liver enzyme systems, but no evidence 
for such a reaction was found. It appears that the metabolic 
function of CDP-glycerol and CDP-ribitol in bacteria are related 
to the formation of nonlipid components of the cell wall, the 
teichoic acids (28). The enzymatic group transfer reactions in- 
volved appear to be of the same general type as those encoun- 
tered in the biosynthesis of phospholipids; namely, the transfer 
of an intact P—O—R residue, with the release of CMP. The 
present negative results do not rule out a role of CDP-glycerol 
in mammalian tissues; indeed, such a possibility merits further 
investigation. 


SUMMARY 


Evidence is presented in support of the following reaction 
scheme to account for the synthesis of inositol monophosphatide 
in enzyme preparations derived from liver: 


L-a-glycerophosphate + 
2 RCO—S—CoA — phosphatidic acid 

Phosphatidic acid + CTP CDP-diglyceride + (2) 

CDP-diglyceride + 


inositol — inositol monophosphatide + CMP 
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Cytidine diphosphate dipalmitin and cytidine diphosphate 
dilaurin have been synthesized by chemical procedures. The 
purified synthetic materials have been shown to act as inter- 
mediates in the above reaction sequence. 

Some properties of the enzymes catalyzing Reactions 2 and 3 
have been described. 

An enzymatic exchange of free inositol with preformed inositol 
monophosphatide, not directly related to the synthesis de novo of 
inositol monophosphatide, has also been studied. 

The relationship between the biosynthesis of inositol mono- 
) phosphatide and that of other complex lipids is discussed. 
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Estrogen-Enzyme Interactions: Inhibition and Protection of 
Kynurenine Transaminase by the Sulfate Esters of 
Diethylstilbestrol, Estradiol, and Estrone* 


MERLE MASON AND Epwin H. GULLEKSON 


From the Department of Biological Chemistry, The University of Michigan Medical School, Ann Arbor, Michigan 


(Received for publication, November 9, 1959) 


In a preliminary report (1), we have described an intense in- 
hibitory action of the sulfate esters of estrone, estradiol, and di- 
ethylstilbestrol on the kynurenine transaminase of rat kidney and 
on the phosphorylase a of rabbit muscle. More recently, we 
have also found that this interaction results in protection of the 
kynurenine transaminase from proteolysis and from the inacti- 
vation that normally accompanies incubation. The inhibition 
and protection of kynurenine transaminase by the estrogen sul- 
fates are described in detail in this communication. 


EXPERIMENTAL 


Chemicals—Diethylstilbestrol disulfate was prepared by treat- 
ing diethylstilbestrol (Sigma) with chlorosulfonic acid in a carbon 
tetrachloride-pyridine mixture (2). The dipotassium salt was 
isolated, recrystallized four times from water, and dried in a 
vacuum desiccator. 

CisH 2 


Calculated: C 42.66, H 3.98, Ash 34.39 
Found: C 43.03, H 3.80, Ash 34.98 


Dipotassium estradiol disulfate was prepared from estradiol- 
178 (Sigma) as described above for the diethylstilbestrol ester. 


220352K 2 
Calculated: C 42.46, H 4.36, Ash 34.26 
Found: C 42.58, H 4.25, Ash 34.43 


The pregnanediol glucuronide was a product of Sigma Chemi- 
cal Company. Potassium estrone sulfate and the bile acids were 
purchased from Nutritional Biochemicals. Most of the uncon- 
jugated steroids were products of the California Corporation for 
Biochemical Research. 

Measurement of Enzyme Action—The partially purified kynur- 
enine apotransaminase of rat kidney and the incubation condi- 
tions were generally those used earlier (4). The concentration 
of pyridoxal phosphate was 30 wg per ml of incubation mixture 
unless otherwise indicated. In most cases the inhibitors were 
added to the buffered enzyme solutions just before the other 
reactants were introduced. Enzyme activity was measured spec- 
trophotometrically (4) by the change in absorbancy at 333 mu 
(A**) resulting from the formation of kynurenic acid during a 
30-minute incubation period. 


* This investigation was supported in part by a research grant 
(A-2294) from the National Institutes of Arthritis and Metabolic 
Diseases, United States Public Health Service and by an equip- 
ment grant from the Horace H. Rackham School of Graduate 
Studies of The University of Michigan. 


RESULTS 


Earlier studies from this laboratory (3,4) have shown that the 
kynurenine transaminase of rat kidney is competitively inhib- 
ited by a variety of carboxylic acids. The degree of inhibition 
depends on the number and location of the anionic groups and 
the size of the nonpolar residues. From these specificity require- 
ments our interest was led to the testing of various steroids and 
related compounds, with and without acidic functions. In this 
survey, estradiol disulfate and diethylstilbestrol disulfate were 
found to be extremely potent inhibitors. 

Sensitivity and Specificity of Inhibitory Action—Under the usual 
assay conditions (4), estradiol disulfate and diethylstilbestrol 
disulfate were significantly inhibitory at levels as low as 5 x 107 
M (Fig. 1). Estrone sulfate and pregnanediol glucuronidate were 
also inhibitory but only at considerably higher concentrations. 
Cholate, dehydrocholate, lithocholate, and deoxycholate were 
inhibitory at relatively high levels (10-* to 10-4 m). Unconju- 
gated steroids and related compounds such as estrone, estradiol, 
diethylstilbestrol, progesterone, pregnanediol, hydroxybisnor- 
cholenic acid, acetoxybisnorcholenic acid, methylbisdehydrodoi- 
synolic acid, hydrocortisone, and methallenestril' were completely 
inactive even in saturated solutions. 

Mode of Action of Inhibitors—The inhibitions produced by 
estradiol disulfate, diethylstilbestrol disulfate, and estrone sulfate 
were relieved by dialysis (Fig. 2). Inhibited preparations which 
were held in the cold for 24 hours without dialysis remained in- 
active, showing that the reactivation that occurred during dialy- 
sis was a result of dialysis and not due to other environmental 
factors. In these experiments, the inhibitors were in contact 
with the enzyme at 37° for only a few minutes before dialysis. 
Therefore the data do tbe exclude the possibility that irreversi- 
ble denaturation, although not occurring under these con- 
ditions, might occur during the assay (incubation for 30 minutes 
at 37°). However, other experiments (Table I) which will 
be discussed later have shown that the inhibitions by the estrogen 
sulfates were fully reversed by dialysis even after incubation with 
enzyme at 37° for an hour. Dialysis for 8 hours largely restored 
the activity to control levels (Fig. 2) and in 24 hours the prep- 
arations that were initially inhibited were even slightly more 
active than the uninhibited controls. This apparent protective 
action of the inhibitors will be discussed below (Table 1). 


1 Methallenestril is 3(6-methoxy-2-naphthy])-2,2-dimethy)- 
pentanoic acid, a synthetic estrogen. It was generously supplied 
by Dr. Francis Saunders of G. D. Searle and Company. 
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Fic. 1. The inhibitory action of anionic steroids (and of di- 
ethylstilbestrol disulfate) at various concentrations. Activity 
was assayed as described under ‘‘Experimental.’’ The bile acids 
were (1) deoxycholate, (2) lithocholate, (3) cholate, and (4) de- 
hydrocholate. 


oor” (4) 


ION 
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Fic. 2 (left). Effect of dialysis on the activity of inhibited ky- 
nurenine transaminase preparations. The inhibitor was dissolved 
in each case in 6 ml of 0.2 M phosphate buffer, pH 6.3, and combined 
with 2 ml of the kynurenine apotransaminase solution. Each solu- 
tion and a suitable control were dialyzed in 800 ml of 0.2 mM phos- 
phate buffer, pH 6.3, in the refrigerator. The initial concentra- 
tion of diethylstilbestrol (SDS) and of estradiol disulfate (IDS) 
was 10-5 m and that of estrone sulfate (ES) and of pregnanediol 
glucuronidate (PG) was 10° m. The bile acids were (1) dehydro- 
cholate, (2) cholate, (3) lithocholate, and (4) deoxycholate. Each 
was present at 3 X 10-3 m. Relative activity is 10X activity. 
Activity is defined under ‘‘E-xperimental.’’ 

Fic. 3 (right). The effect of pyridoxal phosphate concentration 
on the inhibitory action of anionic steroids. The assays were car- 
ried out as usual except for the variation of coenzyme concentra- 
tion. SDS (2 X 10° m), EDS (3 XK 10-* Mm), ES (2 X 10-4 Mm), PG 
(4X 10-4), bile acids 2 and 3 (3 XK 10°-* M) and bile acid 4 (1.5 X 
10-3 Mm), are abbreviated as described in Fig. 2. 


The experiments described above show that the conjugates 
inhibit by forming a dissociable complex with an essential con- 
stituent of the reaction mixture. Since the substrates and the 
coenzyme were present in some cases at concentrations many 
times greater than that of the inhibitor, there is little chance 
that the inhibitors can combine with them to an extent that 
would influence the reaction rate. A reversible association with 
the apoenzyme is therefore indicated. The inhibitions produced 
by the sulfate esters were considerably greater when decreased 
levels of pyridoxal phosphate were used (Fig. 3), indicating that 
the inhibition results from competition between the conjugates 
and pyridoxal phosphate for the apoenzyme. 

The effects of the bile acids and pregnanediol glucuronidate 
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on one hand, and of the estrogen sulfates on the other, on the 
enzymic reaction appear to be different. The degree of inhibi- 
tion caused by the bile acids and pregnanediol glucuronidate did 
not vary significantly with the coenzyme concentration (Fig. 3) 
and was not decreased by dialysis (Fig. 2 and Table I).  Pre- 
incubation with the enzyme caused an irreversible increase in 
their inhibitory action (Table 1), probably as a result of the de- 
naturing action typical of bile acids and other surface active 
agents. 

Effect of Diethylstilbestrol Disulfate on Reconstitution of Kynur- 
enine Transaminase—Kynurenine transaminase that has been 
reconstituted by the addition of pyridoxal phosphate remains 
active when the unbound coenzyme is removed by dialysis pro- 
viding that low buffer concentrations and substrate levels of a- 
ketoglutarate are maintained (4). Table II describes an experi- 
ment in which the enzyme was reconstituted and dialyzed in 
this way. To suit the purposes of the experiment, the amount 
of pyridoxal phosphate added for reconstitution was kept at a 
low level and was not enough to saturate the enzyme. Disso- 
ciation of the reconstituted enzyme was minimal during dialysis 
as shown by the near constancy of the activity, assayed with or 
without added pyridoxal phosphate. The purpose of this experi- 
ment was to determine the effect of diethylstilbestrol disulfate 
on reconstitution. If competition between the inhibitor and 
coenzyme occurs as indicated above, the inhibitor should be able 


TABLE I 
Protective action of certain inhibitors 


In each experiment, 2 ml of the enzyme were added to 6 ml of 
0.2 Mm potassium phosphate buffer, pH 6.3. A similar preparation 
containing the inhibitor was prepared. Both solutions were 
incubated at 37° for 1 hour, assayed, dialyzed for 24 hours in 1 
liter 0.2 m phosphate buffer, pH 6.3, and then assayed again. 


| Activity 
‘ Inhibitor 
E t | a 
| pre-| After pre- After 
incubation | incubation | dialysis 
| M 
1 Estradiol disulfate 5X 10°. 0.216 0.213 0.412 
None | 0.467 0.297 0.276 
2 Diethylstilbestrol X 10-* | 0.418 | 0.397 | 0.620 
disulfate | 
None | 0.653 0.352 | 0.363 
3 Estrone sulfate = 5 X 10° 0.529 | 0.341 | 0.350 
None | 0.546 0.331 0.336 
4 Estrone sulfate 2.5 X 10-4 0.382 0.374 0.575 
None 0.540 0.327 0.345 
5 Pregnanediol glu- 4X 10% 0.356 0.308 0.241 
curonide | 
None | 0.560 | 0.356 | 0.313 
6 Deoxycholate 2X 10%) 0.456 0.158 | 0.171 
None | 0.766 0.465 0.423 
7 Cholate 2x 10% | 0.417 | 0.106 | 0.139 
None | 0.495 0.325 | 0.306 


* The inhibitor concentration is that existing during assay and 


is } that present during the prior incubation. 
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TABLE II 


Effect of diethylstilbestrol disulfate (SDS) on reconstitution of 
kynurenine transaminase with pyridozal phosphate 


The enzyme was reconstituted by combining 6 ml of the apo- 
enzyme in 0.02 m potassium phosphate buffer, pH 7.3, with 90 ug 
of pyridoxal phosphate and 30 ywmoles of a-ketoglutarate, then 
incubating for 30 minutes at 37°. A similar preparation, con- 
taining also 0.8 ymole of diethylstilbestrol disulfate, was treated 
in the same way. Both solutions were dialysed in 1 liter of 0.002 
M potassium phosphate buffer, pH 7.3, containing 6 mmoles of 
a-ketoglutarate. Aliquots of 0.2 ml of each preparation were as- 
saved, with and without added pyridoxal phosphate, at the in- 
tervals indicated. 


| | 


Inhibitor present Pyridoxal phos- | Activity after dialysis for 


Inhibition by Estrogen Conjugates 


during pre- phate added 
incubation during assay | 0 hr | Nite | 24 hrs 
| ag | | | 
None None 0.251 | 0.244 0.255 
None 30 | 0.449 | 0.440 0.407 
SDs None 0.030 0.027 0.025 
SDS 30 0.116 0.196 0.347 
TABLE III 


Effect of estrogen sulfates on kynurenine holotransaminase 
Kynurenine transaminase, reconstituted and dialyzed as de- 
scribed in Table II, was assayed in the usual way with and without 
added inhibitor. 


Experiment Inhibitor Activity 

| Diethylstilbestrol disulfate 0). 407 

None 0.398 

2 | Estradiol disulfate 0.304 

None 0.300 


to prevent reconstitution and both of the competitors would 
then be reduced to ineffective levels by dialysis, resulting finally 
in an apoenzyme preparation fully active in the presence of added 
coenzyme but inactive in its absence. The results presented in 
Table II provide strong support for the idea that such a compe- 
tition occurs. 

Action of Estrogen Sulfates on Holotransaminase—In routine 
testing of the inhibitory actions of the estrogen sulfates, they 
were added to the apoenzyme solutions either before or simulta- 
neously with the coenzyme. If apoenzyme, coenzyme, and keto 
acid were incubated together for a short time before the estrogen 
sulfates were added, less inhibition resulted. No inhibition was 
found (Table II]) with 5 x 10°° m solutions of the inhibitors 
upon reconstituted preparations dialyzed as described above for 
removal of unbound coenzyme. These experiments show that 
the inhibitors do not readily reverse the apoenzyme-coenzyme 
association in spite of their great effectiveness in preventing 
association. 

Protective Action of Estrogen Sulfates—-Mention was made ear- 
lier of an apparent protective action of the estrogen conjugates 
on the apoenzyme during the dialysis experiments. This effect 


was accentuated when the apoenzyme preparations were incu- 
bated at 37° in the buffer solution for 1 hour before dialysis (Table 
J). Incubation of the uninhibited preparations under these con- 
ditions resulted in a substantial loss of activity which was not 
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remedied by dialysis. The inhibited preparations, although ini- 
tially low in activity owing to the presence of the inhibitor, did 
not become less active during incubation and were restored to 
normal activity during dialysis. 

At low concentrations (56 X 10-* m), only diethylstilbestro} 
disulfate and estradiol disulfate had a significant protective ac- 
tion (Table I). At the higher concentrations at which estrone 
sulfate was inhibitory it was also protective. This suggests 
strongly that the protective action and the inhibitory action 
result from the same interaction. Accordingly this appears to 
be an example of the “protective inhibition” that has been re- 
ported to occur in other enzymes (5) and which has been dis- 
cussed from a theoretical viewpoint by Reiner (6). A dual ae- 
tion of this kind can presumably arise when an inhibitor, by 
occupying an active site on the enzyme, prevents the catalytic 
function and at the same time prevents the destruction of the 
site by agents that might otherwise distort or react irreversibly 
with it. In the present case in which pyridoxal phosphate and 
the inhibitors appear to compete for the same active site, one 
would expect that the coenzyme might also protect the enzyme. 
Evidence presented in Table IV shows that such protection oe- 
curs. 

Protection of Enzyme from Proteolysis—Inactivation of enzymes 
during incubation at 37° is a fairly common occurrence and has 
been attributed to various causes, for example, heat denaturation, 
proteolysis, or oxidation of sulfhydryl groups. The nature of 
the agent or agents responsible for the inactivation of kynure- 
nine transaminase is unknown. In order to determine the type 
of agent which might be involved, a study was made of the effect 
of incubating the enzyme with chymotrypsin (Table V). Under 
conditions resulting in almost complete inactivation of the unin- 
hibited enzyme similar preparations containing 5 X 10-° Mm di- 
ethylstilbestrol disulfate retained an undiminished level of activ- 
ity after incubation with chymotrypsin. This indicated that the 
inhibitor had completely prevented inactivation of the enzyme. 
Prolonged dialysis for removal of the inhibitor did not yield a 
fully active enzyme, however, apparently because proteolysis pro- 
ceeded as the inhibitor was removed. 


TABLE IV 
Protective action of pyridoxal phosphate 


In Experiment 1, 0.9 ml aliquots of kynurenine apotransaminase 
in 0.15 M potassium phosphate buffer, pH 6.3, were incubated for 1 
hour at 37° in the presence of varying amounts of pyridoxal phos- 
phate. Each solution was then adjusted to contain 60 yg of 
pyridoxal phosphate per ml and was assayed by the usual pro- 
cedure. Larger volumes were used in Experiment 2 to permit 
dialysis in 0.2 Mm phosphate buffer, pH 6.3, after incubation. 


| Activity 
Amount of coenzyme 


Experiment | present during | ex 
incubation | After incubation 

] None | 0.391 
60 0.508 
30 0.500 
15 | 0.493 
7.5 | 0.461 

2 | None 0.336 0.312 

| 5O 0.476 (0.483 
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TABLE V 


Effect of diethylstilbestrol disulfate (SDS) on inactivation of 
kynurenine transaminase by chymotrypsin 


Enzyme solution in 0.15 m phosphate buffer, pH 6.3, was in- 
eub:uted for 30 minutes at 37° with or without inhibitor or chymo- 
trypsin as designated. The solutions were dialyzed in the re- 
frigerator in 0.2 m phosphate buffer, pH 6.3. Aliquots were 
assaved at the designated intervals. 


- 


| 


Activity 


Enzyme preincubated with After | After After 


Before | | fatter 
tion __ tion 


| | | 
0.726 0.602 0.623 0.545 


Buffer only 

Buffer + chymotrypsin* 0.602 0.173 0.043 0.030 
Buffer + chymotrypsin* + SDS* 0.370 | 0.310 0.368 0.038 
* 12.5 wg of crystalline chymotrypsin (Worthington) per ml of 
enzyme solution. The SDS concentration was approximately 
9 X m during incubation and 5 during assay before 


| 
| 


TABLE VI 


Effect of diethylstilbestrol disulfate (SDS) on digestion of 
casein by chymotrypsin 


The assay method was essentially that of Kunitz (12). Buff- 
ered chymotrypsin solutions were mixed with 0.1 ml of SDS and 
2 ml of 1% casein solutions. After 20 minutes at 37°, the solu- 
tions were deproteinized with 6 ml of 5° trichloroacetic acid, 
centrifuged, and compared in a Beckman DU spectrophotometer 
with reagent blanks prepared by addition of the trichloroacetic 
acid before the SDS and casein solutions. 


Experiment | SDS.added in absorb 

1 120 ug | 0.028 | 1.08 
0.014 1.06 
None | 1.08 

2 20 ug | ().028 0.494 

| | 0.014 0.497 

| None | 0.504 

| | 

3 12 0.80 

0.40 | 0.347 

| | None 0.371 


without SDS before assaying for proteolytic activity. 


The possibility that the inhibitor might protect by inactiva- 
tion of chymotrypsin rather than by interaction with the kynur- 
enine transaminase was considered. This apparently does not 
occur since relatively high concentrations of the inhibitors did 
hot significantly influence the rate of digestion of casein by 
chymotrypsin (Table VI). 


DISCUSSION 


The present studies show that certain estrogen sulfates inhibit 
the kynurenine transaminase of rat kidney, most probably by 
competition with pyridoxal phosphate for binding sites on the 
apoenzyme. A protective action of the inhibitors appears to be 
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related to their ability to inhibit. Since both of these effects 
can occur in vitro at very low concentrations of the inhibitors, 
they might also occur at the low concentrations of estrogen con- 
jugates that exist in the tissues of the animal under normal or 
abnormal circumstances. The question arises then as to whether 
this type of interaction may have any relationship to the mech- 
anism by which the estrogens produce their effects on the animal. 
At present the role of kynurenine transaminase in the normal 
function of the animal body is not known, so one cannot visualize 
a way in which the interaction with the enzyme could be directly 
related to the physiological response. It seems logical to us, 
however, to consider the observed effects as possible prototypes 
of interactions of various steroid conjugates with other pyridoxal 
phosphate-dependent enzymes or even with other coenzymes and 
apoenzymes. This viewpoint is supported by the finding (1) 
that rabbit muscle phosphorylase a, a pyridoxal phosphate-de- 
pendent enzyme, is inhibited in a similar manner by the estrogen 
sulfates. Further studies of the validity of this viewpoint and 
of the details of the interaction with phosphorylase are in prog- 
ress, 

The importance of the anionic sulfate group in producing the 
inhibitory action is shown by the inertness of the unconjugated 
parent compounds. Although the steroid conjugates, especially 
the sulfate esters, seem to be the predominant forms of various 
of the steroid hormones in the blood (7-10), little is known of 
their intracellular occurrence and function. Suggestions that 
the conjugates may be ‘‘active’’ forms of the steroid hormones 
have received little support but the possibility has not been elim- 
inated. The work reported here, by demonstrating a potent 
action of various estrogen sulfates on an enzyme system indicates 
a way in which such compounds may be metabolically active. 
It should be noted, however, that the estrogen disulfates, the 
most active of the conjugates in the system in ritro, are not 
known to occur in animal tissues. Some evidence that they may 
be formed enzymatically may be inferred from experiments by 
De Meio et al. (11) which show that the sulfurylating system of 
liver forms two sulfate esters with markedly different electro- 
phoretic mobilities. 


SUMMARY 


In a study of the effects of various steroids on the kvnurenine 
transaminase system of rat kidney, estradiol disulfate and di- 
ethylstilbestrol disulfate were found to inhibit at levels as low as 
5 Xx 107M. Estrone sulfate and pregnanediol glucuronide in- 
hibited only at much higher concentrations. A number of non- 
anionic steroids, including estradiol, diethylstilbestrol, and 
estrone, were not inhibitory even in saturated solutions. The 
inhibitions by the estrogen sulfates were relieved by dialysis and 
varied inversely with the pyridoxal phosphate concentration, 
indicating that the inhibition results from competition between 
the estrogen sulfates and the coenzyme for the apoenzyme.  Re- 
constitution of the enzyme by adding pyridoxal phosphate was 
prevented by diethylstilbestrol disulfate but once reconstitution 
had occurred low concentrations of the conjugate were no longer 
inhibitory. 

The estrogen sulfates also interact with the kynurenine apo- 
transaminase in a way that prevents the inactivation accompany- 
ing incubation. This occurs at the same levels of the conju- 
gates at which inhibition occurs so the two actions probably 
result from the same interaction. Diethylstilbestrol disulfate 


also protected the enzyme from inactivation by chymotrypsin. 
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The enzyme is also protected during incubation at 37° by pyri- 
doxal phosphate. The protective action of these various sub- 
stances may depend on their interaction with the active catalytic 
site of the kynurenine transaminase. 

Possible relationships of these effects in vitro to the physiolog- 
ical actions of the estrogens are discussed. 
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Recent studies on the urinary steroid excretion pattern of 
the guinea pig (1) have shown that this species is unusual in 
that (a) the C2 compounds of the adrenocortical series are 
present in the nonconjugated form with the A*-3-ketone group 
intact, and (6) the compounds of the C,gO2 and the C1903 series 
are almost entirely excreted as conjugated ring A reduced me- 
tabolites. An investigation of the steroid-reducing enzymes of 
guinea pig tissues was undertaken in an effort to find a rela- 
tionship between the metabolic picture in vivo and the enzy- 
matic functions in vitro. It was found that the guinea pig, 
in contrast to other species studied, possessed a very high level 
of A*t-hydrogenase enzyme activity in the adrenal gland and a 
barely detectable level in liver tissue. This report is concerned 
with the preparation, localization, and a description of some 
of the properties of the A*-hydrogenases of guinea pig adrenal 
glands, and the comparative activities in the adrenal and liver 
of various species. 


EXPERIMENTAL AND RESULTS 


Animals were stunned and exsanguinated. The tissues to be 
examined were rapidly removed and chilled on ice. All sub- 
sequent operations were carried out at 2 to 3°. Homogeniza- 
tion in either 0.154 m KCl or 0.25 m sucrose was performed 
with either the VirTis or an all glass Potter-Elvehjem homoge- 
nizer. Tissue fractions were obtained by differential centrifu- 
gation in a Spinco model L ultracentrifuge. The incubation 
media, extraction procedure, and assay method have been pre- 
viously described (2, 3). Analyses of total tissue nitrogen were 
carried out with a micro-Kjeldahl procedure. 

Conventional methods were used for the extraction of large 
scale incubations (4). Paper chromatography was carried out 
on washed Whatman No. 1 paper in the heptane-propylene gly- 
col system at 27°. 


Detection of A*-Hydrogenases in Guinea Pig Tissues 


Homogenates of liver were incubated with various steroids 
under conditions previously established as optimal for rat liver 
enzymes (2). No evidence of ring A reduction could be ob- 
tained for the liver nor for other tissues including kidney, skele- 
tal muscle, small intestine, spleen, heart, lung, testis, and blood 
with a combination of chromatography and _ ultraviolet ab- 
sorption to detect ring A reduction. Of the guinea pig tissues 


* This work was supported in part by United States Public 
Health Research Training Grant CRT Y-5001, United States Pub- 
lic Health Grant A-2672, and by contract No. AT (30-1)-918, United 
States Atomic Energy Commission. 

t Present address, Department of Physiology, Medical School, 
Birmingham, England. Dr. Grant gratefully acknowledges as- 
sistance of a Travel Grant from The Wellcome Trust. 
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and female guinea pigs. 


examined, only the adrenal showed marked A*-hydrogenase ac- 
tivity. 


Distribution of A*-Hydrogenase Activity in Tissue 
Fractions of Guinea Pig Adrenal 


The adrenal glands (10 g) from 10 adult male guinea pigs 
were homogenized with 1.5 volumes of 0.25 mM sucrose and 
centrifuged at 700 x g for 10 minutes to remove nuclei and 
cell debris. The supernatant fluid was recentrifuged at 6500 
x g for 30 minutes and the resulting mitochondrial pellet re- 
suspended and washed twice with sucrose. The 6,500 x g su- 
pernatant fluid was separated into a final supernatant and a 
microsomal fraction by centrifuging for 1 hour at 105,000 x 
g. The microsomes were washed three times with 0.25 m su- 
crose. An aliquot of each fraction equivalent to 70 mg wet 
weight of tissue was taken for incubation with 80 ug of A‘- 
androstene-3 ,17-dione as substrate. The results are presented 
in Table I. The presence of a high level of A*-hydrogenase 
activity is seen in the 105,000 x g supernatant fluid and also 
in the washed microsomal fraction. Similar studies were made 
on 6.4 g of adrenal tissue from 13 female guinea pigs. Again 
evidence was obtained for the existence of a soluble and a mi- 
crosomal enzyme, although the level of activity was somewhat 
lower in all fractions of the female adrenals as compared to 
the male glands (Table I). 


Properties of Soluble and Microsomal A‘-H ydrogenases 
from Male Guinea Pig Adrenals 


The experimental evidence presented above indicated the 
presence of two enzymes in the adrenal tissue of both male - 
In studies with male rat liver, the two 
A‘-hydrogenases were shown to be (a) a A‘-5a-hydrogenase (5a 
enzyme) localized in the microsomes and (b) a A‘-58-hydrogen- 
ase (58 enzyme) found in the soluble fraction. These have 
distinctly different physical properties (3, 4). It was therefore 
of interest to examine the enzymes from the guinea pig adrenal 
in more detail to determine whether their properties, other 
than distribution in the tissue fractions, corresponded to those 
of the male rat liver enzymes. 

Enzyme-Substrate Relationships—Aliquots of the 105,000 x 
g supernatant preparation in amounts corresponding to 3 to 
to 30 mg equivalent wet weight of tissue (10 to 100 ug of total 
nitrogen) were incubated for 20 minutes with 80 ug of A‘-an- 
drostene-3,17-dione. The rate of reaction was found to be 
proportional to the enzyme concentration over this range (Fig. 
1). In the case of the microsomal enzyme a linear relation- 
ship was observed over the range 50 to 200 mg tissue equivalent 
(25 to 200 ug total nitrogen) (Fig. 2). 
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TABLE I 
Ring A reducing activity in tissue fractions of male and female 
guinea pig adrenal glands 
Incubation for 0.5 hour in an atmosphere of nitrogen. Assay 
procedure and incubation system as previously described (2, 3). 


107-3 reduced 
ber wet we, | reduced 
tissue equivalent 
Male Female Male Female 

Whole homogenate............... 238 200 165 136 
Nuclei, whole cells, ete.......... 47 39 210 130 
Mitochondria.................... 0 0 0 0 
105,000 XK g supernatant......... 272 145 850 266 
Microsomes (Ist wash)........... 123 72 366 118 
Microsomes (2nd wash).......... 85 68 310 120 
Microsomes (3rd wash).......... 74 61 290 123 
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Fic. 1. Relationship between concentration of soluble en- 
zyme of guinea pig adrenal and rate of steroid A‘ reduction. 


ALM x10> STEROID REDUCED/ 20 MIN. 


oO 50 100 150 200 250 300 
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Fic. 2. Relationship between concentration of microsomal en- 
zyme of guinea pig adrenal and rate of steroid A‘ reduction. 
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Fic. 3. Rate of A* reduction by guinea pig adrenal soluble en- 
zyme (AQDo4) as a function of time. 


Reaction Rate as Function of Time—Incubations of 30 mg 
wet weight equivalent of the supernatant enzyme preparation 
with 0.25 umole of A‘-androstene-3,17-dione at pH 6.0 for 
periods of 3 to 60 minutes showed that the reaction rate was 
linear up to 40 minutes (Fig. 3). 

Stability—Preparations of the soluble enzyme showed no ap- 
preciable loss in activity after being stored at 2 to 3° for up 
to 5 days. In contrast, the activity of the microsomal enzyme 
was often considerably reduced when examined 24 hours after 
preparation and in all cases was greatly reduced or absent after 
48 hours at 2 to 3°. 

Activity at Different pH—The activities of both enzymes were 
examined with A*-androstene-3,17-dione as substrate between 
pH 4.5 to 6.5 (acetate buffer), pH 7.0 to 7.5 (phosphate buffer), 
and pH 8.0 to 9.0 (Tris buffer). The soluble enzyme system 
showed maximal activity at pH 5.5 (Fig. 4). In the case of 
the microsomal enzyme it was not possible to obtain a complete 
pH curve as the activity appeared to be greatest at the lowest 
pH used (4.5), and the use of buffers below 4.5 resulted in 
high blank values making interpretation of results difficult. 

Relative Activity with Different Steroid Substrates—The incu- 
bations were carried out at pH 5.5 for 20 minutes, with the 
soluble enzyme preparation equivalent to 70 mg wet weight. 
In the case of the microsomal enzyme, a tissue equivalent of 
60 ug wet weight of adrenal was used. The incubation was 
carried out for 60 minutes at pH 5.5. Results are tabulated 
in Table Il. Both enzymes actively reduced a wide range of 
natural and synthetic Cy and C.; steroids. The relative reac- 
tion rates with respect to the different steroids appeared to be 
the same for both the soluble and microsomal enzymes. In 
contrast, the microsomal and soluble enzymes of the male rat 
liver not only differ from each other in this respect, but are 
also different than the corresponding guinea pig adrenal enzymes 
(Table II). 

Identification of Reduced Products—The adrenal glands (9.14 
g) from 12 adult male guinea pigs were homogenized in 0.25 
M sucrose and a washed microsomal and a supernatant frac- 
tion prepared as above. The incubation system for the micro- 
somal preparation consisted of 20 mg of At-androstene-3 , 17- 
dione, 0.1 mmole of triphosphopyridine nucleotide, 0.5 mmole 
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of glucose 6-phosphate, 32 mg of glucose 6-phosphate dehydro- 
genase, 1.6 mmoles of acetate buffer (pH 5.5), and 0.154 
KC! to make a final volume of 80 ml. Twenty 4.0 ml aliquots 
were incubated for 90 minutes at 37° in an atmosphere of ni- 
trogen. The supernatant system contained 1.0 mmole of cit- 
rate, 0.1 mmole of triphosphopyridine nucleotide, 1.0 mmole 
of MgCle, 2.0 mmoles of acetate buffer, pH 5.5, and again 4.0 
ml aliquots were incubated for 90 minutes at 37° in an at- 


ALM STEROID REDUCED /20 MIN. 
8 
T T 


40 50 60 70 8O Y0 
pH 


Fic. 4. Rate of reduction of A* grouping of A*-androstene-3, 17- 
dione by soluble enzymes of guinea pig adrenal as a function of 


pH. 


TABLE II 


Relative rates of reduction of different steroid substrates by soluble 
and microsomal preparations from male guinea pig adrenal 
and male rat liver 

Results are expressed on a molar basis relative to cortisol = 100. 
Data compiled from four sets of experiments and all values were 
reproducible within 10%. 


Male guinea 


pig adrenal Male rat liver 


Substrate | 
| Soluble | Soluble 
| | 
328 67 80 
118 34 141 
31 42 13 4 
0 0 0 
A‘-Androstene-3,17-dione........ 7 267 272 146 171 
| 271 259 83 155 
19-Nortestosterone.............. 120 114 64 101 
62 51 48 105 


- 


K. Brown-Grant, E.. Forchielli, and R. I. Dorfman 


in this investigation. 
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TaBLe III 
% Reduction of steroid by whole homogenates of liver and adrenal 
Eighty micrograms of steroid were incubated anaerobically 
with 50 mg wet weight equivalent of tissue for 1 hour at 37° in 
the presence of a reduced triphosphopyridine nucleotide-generat- 
ing system. 


Liver* Adrenal* 
© Reduction “% Reduction 
Species No. Sex 

4‘ | DOC; F A‘ | DOC) F 
Guinea pig...... Male 0; 3; 41 78 81 | 47 
Guinea pig. ..... Female 2| 75| 78 | 54 
| Male 97 | 95 | 95 | 37 | 18 | 23 
10 Female 95 | 96 | 97 | 33 | 16 | 25 
6 | Male 201 3} 21 
Chicken......... | 8 | Male 30 | 40 | 38 | 12/13) 8 


* At = At-androstene-3,17-dione; DOC = deoxycorticosterone; 
F = cortisol. 


mosphere of nitrogen. The incubation mixtures were pooled 
and then extracted as previously described (5) and the extracts 
chromatographed on paper in the heptane-propylene glycol sys- 
tem for 26 hours. The run off was rechromatographed in the 
same system for 17 hours. In the case of the extracts from 
the supernatant incubations three Zimmermann reacting zones 
were located in addition to the starting material. The most 
polar zone (slowest mobility) had the same mobility as 3a- 
hydroxyetiocholan-3-one and its infrared spectrum was identical 
to that of authentic material. The material from the zone of 
intermediate polarity was identical to the 36-hydroxyetiocho- 
lan-17-one with respect to the infrared spectrum and running 
rate on paper chromatograms. The eluate from the least polar 
zone was identified as etiocholane-3,17-dione on the basis of 
the above criteria. Products reduced in ring A could not be 
isolated or identified after incubations with microsomal prep- 
arations. Therefore, the stereospecificity of the microsomal 
enzyme system remains to be elucidated. 


A*-Hydrogenases in Liver and Adrenal 
Glands of Other Species 


A comparison of the reducing activity of whole homogenates 
of liver and adrenal of other species was carried out. Repre- 
sentative substrates used were A*-androstene-3,17-dione, de- 
oxycorticosterone, and cortisol. The results are shown in Table 
III. The guinea pig was the only species which showed a high 
level of reducing activity in the adrenal and little or no ac- 
tivity in the liver. The rat and chick were also found to pos- 
sess significant reducing activity in the adrenal, although this 
tissue was far less active than the liver of the respective species. 


DISCUSSION 


The reports of Kochakian et al. (6, 7) that the liver of the 
guinea pig did not carry out ring A reduction were confirmed 
These negative results prompted the in- 
vestigation of severa] other guinea pig tissues which led to the 
striking observation that adrenal homogenates of this species 
possessed very high levels of the At-hydrogenases. 
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The guinea pig adrenal enzyme activity was separated, by 
differential centrifugation, into two components, a highly ac- 
tive, stable, soluble enzyme system localized in the 105,000 x 
g supernatant and a less active unstable microsomal enzyme 
system. Both preparations exhibited an acid pH optimum and 
reduced a variety of Cig and Cy steroids (Table II). Despite 
the apparent separation of two enzyme systems from guinea 
pig adrenal homogenates, it was possible only in the case of 
the soluble system to clearly establish by isolation and iden- 
tification of reduced products the steric course of the reduc- 
tion, which was 58 in each instance. The nature of the steroid 
reduced by the microsomal preparation remains to be deter- 
mined. However, the effect of pH and the relative rates of 
reduction of various steroid substrates are similar to the find- 
ings obtained with the soluble 58 enzyme. The presence of 
ring A reducing activity in the microsomal fraction could be 
due to contamination with adsorbed 58 enzyme, even though 
the microsomal preparations were carefully washed. 

The combination of a high level of reducing activity in the 
guinea pig adrenal and a very low activity in the liver was 
peculiar to the guinea pig. Contrary to the report of Tomkins 
(8), the adrenal glands of the rat, both male and female, showed 
considerable reducing activity, though much less than that ob- 
served in liver preparations. Similar findings have been reported 
for quartered rat adrenals (9). Bovine adrenal tissues showed 
little activity and the chick adrenal much less than that of the 
guinea pig or rat. Reduction of the A‘ double bond in the steroid 
molecule by adrenal tissue has not been previously studied in 
any detail, despite the long established finding of many ring A 
reduced compounds in adrenal extracts (10). Washed bovine 
adrenal microsomes have been reported to be inactive in the 
reduction of A*-androstene-3,17-dione (11). In the present 
study whole adrenal homogenates were also found to be low in 
activity. Perfusion of bovine adrenals has been reported as 
yielding up to 3% of reduced products (12). 


A‘-Hydrogenases of Guinea Pig Adrenal Gland 


Vol. 235, No. 5 


SUMMARY 


1. Among several species studied, the guinea pig was unique 
in that the adrenal glands possessed very high levels of A*-hy- 
drogenases, whereas the liver of this species contained barely 
detectable amounts of these enzymes. 

2. Homogenates from guinea pig adrenals were fractionated 
into two apparently different components—a soluble (105,000 x 
g supernatant) and a microsomal fraction. The soluble A*-hy- 
drogenase was characterized as a highly active, stable 58-enzyme 
(orienting the A‘ reduction to 58 products) with a pH optimum 
near 5.5. The enzyme of the microsomal fraction was consider- 
ably less active and less stable than the soluble system and ex- 
hibited a pH optimum on the acid side. 
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Electrophoretic Behavior of Normal Human 
Serum Albumin at pH 4.0 


Il. INTERPRETATION OF ELECTROPHORETIC PATTERNS IN TERMS OF A 
REVERSIBLE PROTEIN INTERACTION 
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In the preceding paper on the behavior of pooled normal human 
serum albumin in various buffers at pH 4.0 (1), it was demon- 
strated that the electrophoretic pattern of albumin shows a 
single moving boundary in the presence of the lower fatty acids, 
excepting formic and acetic acid, and of certain di- and tribasic 
organic acids. This phenomenon is probably a consequence 
of the interaction between this protein and the monobasic 
organic acids mentioned, due to forces between the nonpolar 
portions of the interactants. The introduction of a hydroxyl 
or an amino group into the fatty acids with more than two 
carbon atoms caused significant diminution of the binding 
and, thus, produced marked changes in the electrophoretic be- 
havior of the protein. In these media, the electrophoretic pat- 
terns showed several moving boundaries. The interaction be- 
tween albumin and certain other di- and tribasic organic acids, 
such as malonic, maleic, and citric acid, appeared to be prima- 
rily due to electrostatic forees. However, similar organic acids 
with trans configuration (fumaric acid) did not change the elec- 
trophoretic patterns; this points to a steric requirement for this 
reaction (1). 

The aim of this paper is to present evidence for the revers- 
ibility of the interaction between albumin and organic acids as 
judged by free electrophoresis at pH 4.0 in I'/2 0.1 buffer so- 
lutions. Moreover, studies on the effect of bi- and trivalent me- 
tallic ions upon serum albumin, leading to similar observations, 
are also described. 


EXPERIMENTAL 


Materials and Methods 


The albumin preparation used in this investigation was derived 
from a 25% solution of pooled normal human serum albumin pre- 
pared by Method 6 (2) and stabilized with 0.02 M pL-acetyl- 
tryptophan and 0.02 M caprylate (3). The same preparation had 


* This is publication No. 269 of the Robert W. Lovett Memorial 
Unit for the Study of Crippling Disease, Massachusetts General 
Hospital, Boston, Massachusetts. This work has been supported 
by grants from the Lilly Research Laboratories, Eli Lilly and 
Company, and from the National Institute of Arthritis and Meta- 
bolic Diseases (A-2288), National Institutes of Health, United 
States Public Health Service. 

t Part of this work was carried out during the tenure of an Es- 
tablished Investigatorship from The Helen Hay Whitney Founda- 
tion, New York. 


been used for the experiments described in the preceding paper 
(1). 

The applied techniques have been described earlier (1). 
Again, free moving boundary electrophoresis was used. The 
total ionic strength of the pH 4.0 + 0.05 buffers was calculated 
from the pK values of the acids to be 0.1 except when stated 
otherwise. The specific resistance of the buffers was determined 
in order to calculate the apparent electrophoretic mobilities. In 
most experiments mixed buffers were used. The acetic acid was 
partly or completely replaced by other organic acids. In case 
of the itaconate-acetate system, pH 4.0, I'/2 0.1 itaconate buffer 
was mixed with pH 4.0, ['/2 0.1 acetate buffer in the ratios indi- 
cated in Table I. In another series of experiments (Table I) 
the buffers were made up of Na acetate buffer, NaOH, and one 
of the higher fatty acids. In a further series the ionic strength 
was comprised of Na acetate and NaCl. In an additional set 
of experiments, different metallic ions, when available as acetate, 
were dissolved in the previously mentioned acetate buffer, usu- 
ally to give a concentration of 0.01 m. Since the total ionic 
strength of the buffers was thereby increased significantly, a con- 
trol experiment was carried out in which NaCl was added to ace- 
tate buffer to a concentration of 0.025 mM. For every experi- 
ment, 40 mg of albumin were dissolved in 3.0 ml of the precooled 
buffer to be used, and dialyzed at 4° with agitation against 1 liter 
of the same buffer for 17 hours. The buffer solutions were not 
changed, and it was not ascertained whether equilibrium had 
been obtained. 

The Spinco model E ultracentrifuge was used to determine 
whether the albumin of certain solutions had remained in the na- 
tive state. 


RESULTS 


Electrophoretic Behavior of Serum Albumin in Mixtures of Ita- 
conate and Acetate Buffers—In this series of experiments (Table 
I) the change in the electrophoretic behavior of albumin was 
studied as a function of the ratio of itaconate and acetate pres- 
ent in the mixed buffers. Itaconate is the only anion, so far in- 
vestigated, in the presence of which albumin migrates as a single 
boundary in an electric field at pH 4.0 (1). In acetate buffer 
the electrophoretic pattern is known to be resolved into two mov- 
ing boundaries (4). The results obtained indicate that (a) the 
transformation from a system showing two moving boundaries 
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to one showing a single boundary had essentially taken place 
when the itaconate buffer was increased from 0.1 to 10% of the 
total buffer volume, corresponding to a total itaconate-itaconic 
acid concentration of 0.0014 to 0.014 M, respectively, in presence 
of 0.56 to 0.50 M acetate-acetic acid. Simultaneously, the faster 
moving boundary disappeared, as judged from the apparent elec- 
trophoretic mobility of this component at lower itaconate con- 
centration. (b) The apparent electrophoretic mobilities of the 
two components on both the ascending and the descending side 
decreased regularly to the values obtained in pure itaconate buf- 
fer, but only after the state characterized by a single moving 
boundary had been attained. These data suggest that the trans- 
formation from the two-boundary system to the single boundary 
system, and the change in the net charge, are reversible. Ad- 
ditional evidence for reversibility was obtained by the following 
experiment. If albumin was dialyzed against pH 4.0, ['/2 0.1 
itaconate buffer for 24 hours followed by dialysis against pH 4.0, 
I’ /2 0.1 acetate buffer for a further 17 hours, subsequent electro- 
~ phoresis revealed exactly the patterns observed in acetate buffer 
without prior dialysis against itaconate buffer. 

Effect of Certain Relatwely Insoluble Organic Acids upon Elec- 
trophoretic Behavior of Human Serum Albumin—Judging from the 
results given in the previous paragraph, it could be anticipated 
that the property of certain organic acids to cause albumin to 
migrate as a single boundary in an electric field is demonstrable 
in acetate buffer of relatively high ionic strength. Thus, the in- 
fluence upon the electrophoretic behavior of albumin of the fatty 
acids and dibasic organic acids which are not soluble enough to 
permit preparation of '/2 0.1, pH 4.0 buffers, could be investi- 


TABLE I 
Relative proportions of various moving boundaries shown by normal 
human serum albumin in pH 4.0 1/201 (Na*) acetate-itaconate 
buffer as a function of the acetate-itaconate ratio 
The electrophoretic analyses were carried out at 9.6 ma and at 
a voltage varying between 138 and 155 volts. The specific re- 
sistance of the buffers varied between 278 and 322 Q. 


Relative buffer Electrophoretic mobility Area of boundaries in 
volume Bound 10° (cm? sec”! volt™!) relative percentage 
ary 
Acetate Itaconate si Descending | Ascending | Descending | Ascending 

100 3.9 4.6 38 
2.5 3.8 724 62 
00 | O11] 1 5.2 4 
23 3.7 4.2 414 35 
| 3 2.5 3.3 59" 61 

| | 2 4.3 4.2 32! 26° 

| 3 2.7 3.3 68" 69" 
90 10 1 4.0 5.1 12° S 
2 2.4 3.3 2 
70 30 1 3.1 4.2 11° 4 
2 2.1 3.0 89> 96 
50 50 1 2.9 3.4 11? 7 
2 1.9 2.5 89° 93 
10 | 90 | 1 2.2 2.7 2 
| 2 1.4 1.9 
1.5 1.8 100 100 


« Peaks not well separated. 
» Asymmetric peak resolved in number of peaks as marked. 
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TaBLeE II 
Effect of higher members of mono- and dibasic organic acids upon 
electrophoretic behavior of normal human serum in 
PH 4.0 (Na*) acetate 
The electrophoretic analyses were carried out at 9.6 ma and at 
a voltage varying between 135 and 152 volts. The specific re- 
sistance of the buffers varied between 272 and 300 0. 


Electrophoretic | Area of bounda- 
of mobility X 10% (cm?| ries in relative 
Additional | addi- | 1/2 of |Boun-| sec’? volt”) 
buffer acetate No. 
Descend-| Ascend- | Descend- Ascend- 
ing ing ing ing 
0.10 1 3.9 4.6 282 38 
2 2.5 3.8 72¢ 62 
Propionate 0.010 | 0.090 | 1 3.7 3.7 18 28 
2 2.7 3.4 82 73 
Butyrate 0.010 | 0.090 | 1 3.6 3.9 16 i) 
2 2.6 3.3 84 9] 
Valerate 0.005 | 0.095 | 1 3.4 8 
2 2.5 3.0 92 100 
Caproate 0.005 | 0.095 | 1 2.5 2.8 100 100 
Caprylate b 0.100 1 2.4 3.1 100-, 100 
Sebasate c 0.100; 1 2.5 3.2 100 100 
pL-Acet yvl- 0.009 | 0.100; 1 3.5 20 
trypto- 2 2.7 3.3 80 100 
phan? 
Aspartate* 0.0025 0.0975 1 4.6 6 
2 3.8 4.2 44 42 
3 2.6 3.3 56 52 
Glutamate?* 0.0025 0.0975) 1 4.7 4 
2 4.0 4.2 41 45 
3 2.7 3.3 59 51 


* Asymmetric peak, resolved in number of peaks as marked. 

»’ Acetate buffer, pH 4.0, ['/2 0.1, saturated with caprvlic acid, 
approximately 0.001 M. 

© Acetate buffer, pH 4.0, ['/2 0.1, saturated with sebasic acid. 

4 Acetate buffer, pH 4.0, 1/2 0.1, saturated with pL-acetyltryp- 
tophan requiring approximately 2.2 g per liter. This amount is 
equal toa molarity of 0.009. The pH of the buffer did not change; 
the molarity of free acetic acid of this buffer is near 0.4. 

¢ The fractional ['/2 of the aspartate and glutamate buffer is 
limited by solubility. 


gated under these conditions (Table 11). As expected, the com- 
pounds mentioned caused albumin to migrate as a single bound- 
ary. The series of experiments in which the fatty acids were 
tested shows that the proportion of the faster moving of the two 
boundaries, shown by albumin in acetate buffer, decreased 
gradually as the number of the carbon atoms of the acids in- 
creased; this boundary could no longer be observed in caproate 
buffer. The apparent electrophoretic mobilities of the slower 
and faster moving component remained essentially constant in 
all experiments in contrast to those reported in the previous par- 
agraph. Albumin migrated almost completely as a single bound- 
ary in media containing pDL-acetyltryptophan; the corresponding 
electrophoretic mobilities also remained unchanged. The effect 
of aspartic and glutamic acid upon the electrophoretic behavior 
of albumin was studied under similar conditions. The resulting 


patterns being comparable to those noted previously in formate 
(1)—two well separated peaks in both the ascending and de- 
scending limb—indicated that the relative area of the faster mov- 
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ing peak was higher than that noted in acetate. Again the ap- 
parent electrophoretic mobilities were essentially the same as 
those observed in acetate buffer. 

Effect of NaCl upon Electrophoretic Behavior of Serum Albu- 
min--In view of the results reported by Phelps and Cann (5) 
that addition of NaCl to acetate buffer at constant ionic strength 
of 0.2 caused the appearance of an additional albumin peak, sim- 
ilar experiments were performed with those buffers, in which al- 
bumin migrates as a single boundary. Replacement by NaCl 
of 50 or 75% of the ionic strength of itaconate, malonate, suc- 
cinate, and tartrate buffer consistently brought about the ap- 
pearance of a faster moving albumin component. 

Effect of Certain Metallic Ions upon Electrophoretic Behavior of 
Serum Albumin—The metallic ions whose influence upon the 
electrophoretic behavior of albumin was investigated in pH 4.0 


TaBLeE III 


Effect of different metallic tons upon electrophoretic behavior of 
normal human serum albumin in pH 4.0, 1/2 0.1 
(Na*) acetate buffer 
The electrophoretic analyses were carried out at 9.6 ma and at 
a voltage varying between 110 and 145 volts. The specific re- 
sistance of the buffers varied between 195 and 278 Q. 


Electrophoretic mobility | Area of boundaries in 
Bound- | X 10° (cm? sec™ volt™!) relative percentage 
Cation® any 
Descending Ascending Descending Ascending 

NaAc-HAe 1 3.9 4.6 28 38 
2 2.5 3.8 72 62 
NaAc-HAc+ 1 3.4 3.8 31 28 
0.025 m NaCl 2 2.4 3.0 69 72 
HgCl. 1 4.6 5.1 86 85 
2 2.6 3.47 14 15 
FeCl; l 79 
2 3.3 | 38 | B 24 
LaCl; 1 65 46 
2 32 54 

4.0 | 4.3 44 44 

2 3.3 | 3.8 264 364 

3 704 604 

2 
3 65 
PbAc.! 1 4.5 | 5.4 | 20 15 
2 28 | 44 | 27 
3 444 58 
CuAc.? 1 4.6 | 5.0 104 10 
2 3.6 | 4.1 | 324 30 
3 Be 584 60 
BaAce 1 3.6 3.2 314 28 
2 2.8 2.3 694 72 
NiAc» | 1 3.4 3.8 164 | 19 
2.4 2.9 844 SI 
CoAc: 4.2 4.8 
| 63 
Co(NH;) 4.0 | 4.3 (387 
| 2 2.8 | 3.4 724 | 63 


* The concentration of the added metal salts amounted in each 
case to 0.01 M. 

’ Ultracentrifugal analysis indicated 100% monomer. 

Broad peak. 

“Asymmetric peak resolved in number of peaks as marked. 
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Fic. 1. Electrophoretic patterns of human serum albumin in 
pH 4.0, P'/2 0.1 acetate buffer in presence of 0.01 mM PbAe» (J) and 
0.01 mM HgCl. (7). For comparison the corresponding patterns 
obtained in pH 4.0, '/2 0.1 sodium acetate in absence of bi- or tri- 
valent metal ions, are given in (J/7). The descending patterns 


(D) are on the left and the ascending (A) ones on the right. The 
salt boundaries are designated with (e) and (4), respectively. The 
electrophoretic movement is indicated by the arrows. The time 


of electrophoresis varied between 60 (/7) and 75 (J) minutes. 


acetate buffer, could be separated into three groups with respect 
to their effect (Table III). As reference the acetate patterns 
were used. The first group includes the ions of Hg, Fe, and La. 
These cations exerted a specific effect: the relative area of the 
faster moving albumin component was higher than that of the 
slower one (Fig. 1). This effect was not due to Cl ions because 
addition of NaCl did not significantly alter the acetate patterns. 
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A similar observation was noted in the experiments with aspartic 
or glutamic acid. Addition of the cations of the second group 
(Zn, Cd, Pb, and Cu) gave rise to more complex patterns with 
three peaks. On the ascending limb the two slower components 
were well separated, whereas the third one formed a “shoulder.” 
On the descending side the three components formed an asym- 
metric peak. Pb ions showed the most pronounced effect (Fig. 
1). On the ascending limb all three peaks were distinctly sep- 
arated. On the descending pattern the fastest component was 
well separated from the slower two which together formed an 
asymmetric peak. On ultracentrifugal analysis the albumin 
preparations containing Pb**+ and Cu**, respectively, consisted 
of monomer only. The ions of the third group (Ba, Co, Co- 
(NHs3)6, and Ni) did not appear to affect the acetate patterns. 


DISCUSSION 


The present electrophoretic investigation on pooled normal 
human plasma at pH 4.0 by means of free boundary electro- 
phoresis! demonstrates that the interaction responsible for the 
nature of the electrophoretic pattern revealed by this protein is 
reversible. The reversibility could be shown when albumin was 
studied in acetate-itaconate buffers of varying ratios. The 
change from a system exhibiting two moving boundaries to one 
exhibiting a single boundary is attained essentially at relatively 
low concentrations of itaconate. The reaction leading to this 
change in electrophoretic pattern does not affect the apparent 
electrophoretic mobility which changes at a higher concentration 
range of itaconate (Fig. 2). If the logarithm of the relative ita- 
conate concentration is plotted against the relative percentage of 
the faster moving boundary, an almost straight line is obtained 
within this concentration range (Fig. 2). The plot of the rela- 
tive area of the faster moving albumin boundary against the log- 
arithm of the itaconate concentration has a great similarity to 
Scatchard’s plot of ¥ (the number of bound ligand molecules) 
versus log Q (Q is a function of the concentration of free ligand) 
(9,10). It is thus concluded that the change in the area of the 
albumin boundaries is probably an expression of the number of 
bound ions. To calculate 7 and the association constants of the 
above discussed interactions, additional information is required. 
Furthermore, these results demonstrate clearly that two types of 
interactions are taking place: one leading to a change of the rel- 
ative area of the albumin boundaries and the other accounting 
for the change of the electrophoretic mobilities. These two re- 
actions appear to be unrelated to each other and are charac- 
terized by different association constants. 

The experiments designed to investigate in acetate buffer the 
ability of certain organic acids, particularly the fatty acids, to 
cause the disappearance of one of the two boundaries shown in 
acetate buffer alone, suggest that the longer the hydrocarbon 
chain of the acids, the higher the relative percentage of area of 
the slower moving boundary of albumin, and that relatively low 
concentrations of the higher fatty acids are sufficient to produce 
the same change in electrophoretic behavior as that brought 
about by the lower fatty acids in higher concentrations. This 
finding represents further evidence that the association constants 
of the fatty acids are higher the higher the number of carbon 
atoms (1). Consequently, competitive binding of the fatty acids 
according to their association constants is taking place in ace- 
tate buffer. Competitive binding to albumin has been noted by 


1 On paper electrophoresis using pH 4.0, 0.1 acetate buffer 
albumin appears as one band. 


Electrophoretic Interaction of Albumin at pH 4.0 


RELATIVE AREA OF FAST MOVING ALBUMIN BOUNDARY (x) 
AND ITS ELECTROPHORETIC MOBILITY (*) AS A FUNCTION 
OF LOGARITHM OF THE RELATIVE ITACONATE CONCENTRATION 
OF pH 4.0 ACETATE BUFFER 


cm* 
Vsec 


x10° (or | 


RELATIVE AREA OF FAST MOVING 
BOUNDARY (x) (ASCENDING) 

° 
T 
! 
' 
' 
e 
| 
y 
ELECTROPHORETIC MOBILITY 


0.1 
(LOG) RELATIVE CONCENTRATION OF ITACONATE 

Fig. 2. Relative area of the faster moving albumin boundary 
(X) and its electrophoretic mobility (@) as a function of the log- 
arithm of the relative itaconate concentration in pH 4.0, I'/2 0.1 
acetate buffer. Because of better separation the ascending pat- 
terns were selected. 


Phelps and Cann (11) in their study on albumin in the presence 
of amino acids. A similar observation was made when aspartic 
or glutamic acid was added to acetate buffer. The results of 
this series of experiments further show that the homogeneity of 
albumin is a result of the fast component being converted to the 
slow one. 

To explain the different behavior of albumin in pH 4.0, ['/2 
0.1 buffer,? it is assumed that the nonionized form of the fatty 
acids (in general a stabilizer, s) stabilizes the albumin molecule 
(A) by forming a complex (As). In contrast to A which under- 
goes isomerization with H-ions (12-16) certain bonds of As are 
now protected from the effect of H-ions, so that As does not 
undergo isomerization. This is suggested in view of the fact that 
aliphatic alcohols exert the same effect on the electrophoretic 
patterns as fatty acids (1). Therefore, the following equation is 


proposed. 


A A = albumin molecule 
s = stabilizer (fatty acids, di- 
and tribasic organic acids, 


aliphatic alcohols) 


F F = faster moving isomerized 
isomerization 


(12) 


A and As have the same electrophoretic mobility if in addition 
to the undissociated form of the organic acids the dissociated 
form is bound to approximately equal extent by A, As, and F. 
However, it is emphasized that the two forms of a given organic 
acid are bound by different sites of the albumin molecule. The 
dissociated form of the organic acids is also bound by a reversible 
interaction and determines the electrophoretic mobility of this 
protein. The relationship between electrophoretic mobility of a 
protein and the number of bound ions has been discussed in detail 
particularly by Longsworth (17) and by Alberty (18). Accord- 
ing to the above proposed reaction formic acid, having the small- 
est association constant of the fatty acids, leads to the smallest 
amount of As; thus the relative area of the slower moving bound- 


2 The discussion presented here is based on the assumption that 
the gradients of refractive index observed on electrophoresis 
represent an equilibrium between different forms of albumin (¢. 
15 and 16). 


Vol. 325, No. 5 


a 
S¢ 
t 
m 
re 
Ol 
th 
of 
to 
SOt 
let 
3, 
pe 
(1, 
orl 
pr 
dia 
tro 
am 
tat 
act 
do 
can 
It 
bon 
the 
vale 
min 
4.0. 
diffe 
cat 
A 
pape 
will 
at p 
pho 
with 
may 
the | 
than 
T 
cona 
cona 
from 
sing] 
- 


May 1960 


ary, Which may correspond to A, is the smallest found in the 
series of the fatty acids. Acetic acid, with a higher association 
constant, stabilizes the albumin molecule more, and the area of 
the slower moving boundary is increased over that observed in 
formate. If the concentration of acetic acid is doubled, albumin 
migrates as a single boundary as reported by Phelps and Cann 
(5). Cann (19, 20) explained certain aspects of the electropho- 
retic behavior of albumin in various buffer solutions at pH 4.0 
on the hypothesis that nonionized carboxylic acids are bound to 
this protein. Charlwood (21) assumed that it is the anionic form 
of the organic acid which is bound to albumin. Our results seem 
to indicate that albumin binds both the dissociated and undis- 
sociated form of the carboxylic acids but at different sites. 

It is interesting to note that DL-acetyltryptophan, an excel- 
lent stabilizer of albumin against heat denaturation like caprylate 
(3, 27), causes albumin to migrate as a single boundary at pH 4, 
perhaps in contrast to the effect of unsubstituted amino acids 
(1,11). During dialysis against pH 4.0 acetate buffer, albumin 
originally stabilized with DL-acetyltryptophan and caprylate 
probably loses enough of the latter two compounds so that the 
dialyzed albumin now gives two moving boundaries on free elec- 
trophoresis. A single boundary is observed only if sufficient 
amounts of either of these two stabilizers are added to the ace- 
tate buffer before dialysis. : 

The metallic ions interact with albumin at pH 4.0 by modes of 
action as yet unknown (23). Thus, the fact that certain cations 
do not affect the electrophoretic patterns of albumin probably 
cannot be taken as evidence that these cations do not interact. 
It might mean, however, that such cations do not alter the 
bond(s) of the albumin molecule that determine the area ratio of 
the slower to the faster component(s). The finding that other bi- 
valent metallic ions affect the electrophoretic behavior of albu- 
min indicates that these ions do interact with albumin at pH 
4.0. Since the latter group of cations produces two essentially 
different electrophoretic patterns, it is concluded that these 
cations probably interact in a different manner. 

Again it is emphasized that the results described in this paper 
were obtained on a single albumin preparation. In a subsequent 
paper on this subject the study of other albumin preparations 
will be presented. 


SUMMARY 


The binding of certain organic acids to human serum albumin 
at pH 4.0, '/2 0.1, judged from free moving boundary electro- 
phoresis, is reversible. This has been demonstrated particularly 
with the lower fatty acids. The binding of each of these acids 
may be characterized by an association constant which is higher 
the longer the hydrocarbon chain. In buffers composed of more 
than one organic acid competitive binding to albumin takes place. 

The reversibility of the interaction between albumin and ita- 
conate-itaconic acid, as shown by electrophoresis in acetate-ita- 
conate buffer of varying ratios, was followed by the transition 
from a system showing two moving boundaries to one showing a 
single boundary. Two types of reversible interactions were ob- 
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served: one occurring at relatively low itaconate concentrations 
and leading from patterns showing two boundaries to ones show- 
ing a single boundary, and the other at higher itaconate concen- 
trations leading to a change of the electrophoretic mobilities of 
the albumin component. 

It is postulated that the undissociated form of certain organic 
acids, including the fatty acids, stabilizes albumin with respect 
to isomerization according to the following equation: 


Albumin + stabilizer — Complex 


Consequently, the electrophoretic patterns obtained in these 
media show a single boundary. Albumin and the formed com- 
plex carry the same net charge. The anions derived from these 
acids are bound to different sites on the albumin molecule, 
thereby altering the net charge and, hence, the electrophoretic 
mobilities of the albumin components. 

Bivalent metallic ions added to pH 4.0, ['/2 0.1 acetate buffer 
interact with albumin in a different manner, but also reversibly, 
as shown by different electrophoretic patterns. 
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Several studies have appeared in the past 25 years (1-5) con- the Spinco model L ultracentrifuge. The thyroglobulin was 
cerning the physicochemical properties of thyroglobulin, the pro- brought into solution again by dissolving the precipitate in a 
tein precursor of the thyroid hormone thyroxine. Most of this phosphate buffer at 41° saturation. This procedure was re- 
work has utilized hog thyroid gland as a source of material. peated two additional times. The buffer was then removed 
The various investigations are in rather good agreement in ob- _ by dialysis against several changes of distilled water for a period 


taining a molecular weight for thyroglobulin close to 3 million. of several days at 5°. The solution was kept frozen until used. th 
Moreover, this form of the protein appears to be stable within This method of purification will be called ‘“phosphate-frac- ti 
the pH range ~5.0 to 11.3 when neutral salt is present (1). tionated’’ or Preparation I. Pi 

Lundgren and Williams (2) in 1939 and O’Donnell et al. (5) When examined in the analytical ultracentrifuge, thyroglobu- } _ pl 


recently have reported the appearance of a derivative of hog lin preparations isolated by the above procedure showed small 
thyroglobulin, which sedimented with a substantially reduced amounts of both faster and slower moving boundaries as shown se 
sedimentation coefficient, when the free electrolyte was removed in Fig. 1A. The concentration of the main component (s8%9,. TI 
by extensive dialysis. Similar results have been obtained in = 19.4) was generally about 85 to 90% of the total protein. pa 
the present study with calf thyroglobulin at low ionic strengths. The relative amounts of faster and slower moving boundaries 0. 
However, the interpretation of data obtained on charged macro- varied somewhat from one preparation to another. O’Donnell 16 
molecules, when investigated with insufficient amounts of salt et al. (5) also report that their preparations were contaminated 
to suppress electrostatic interactions, is usually not free of am- with similar types of impurities (cf. Shulman et al. (4)). Since ers 
biguities. With thyroglobulin extracted from calf thyroid tis- the analytical methods used in earlier reports (1-3) on thyro- cel 
sue, a new component, which possessed quite similar sedimenta- globulin did not have the resolving power of recently devel- tei 
tion properties to that reported by Lundgren and Williams, was oped procedures, it is likely that these preparations were simi- ne: 


observed to form at higher ionic strengths when the pH was larly heterogeneous. Moreover, unless one examines protein fas 
raised above the neutral range. More extensive data, which concentrations greater than ~1°%, small boundaries, represent- lay 
can be interpreted with greater confidence, have been collected ing a few per cent of the total protein, are easily missed. In the 
on this form of thyroglobulin. Further conformational changes! determining the concentration of components we normally used lig! 
of calf thyroglobulin at still higher pH values are also reported. two solutions, at ~1.5 and 0.5%, and sedimented them simul- op: 
taneously with the use of a standard and wedge-window cell. dis 

EXPERIMENTAL The areas of the small peaks were determined from the concen- : 

trated solution, whereas the main peak was analyzed while in (S- 

Matervals and Methods the dilute solution. by 


Since the light scattering molecular weight of this prepara- bra 
tion was found to be excessively high compared to the sedi- rep 
fications. Normally, about 100 g of tissue (fresh or frozen) mentation-diffusion value, it was felt that the impurities could obt 
was put through an electric meat grinder twice and then ex- be responsible for the disparity. Moreover, it was observed pur 
tracted with 250 ml of 0.9% NaCl for 2 or 3 hours at 5°, with that the 5-25 component was no longer observable when the the 
magnetic stirring. Tissue debris was removed by filtration pH was raised to 9.5 from 6.0. This effect hampered the in- 1 
through cotton gauze. The solution was then further clarified terpretation of the data regarding the relationship between the F dle 
by centrifugation for } hour at 20,000 x g. Thyroglobulin 5-19 and S-12 components. To eliminate these difficulties, the 
was precipitated from the supernatant solution by addition of | phosphate-fractionated thyroglobulin preparations were purified to | 
a saturated (3.5 M) potassium phosphate buffer, pH 6.6, to further. This was effected by a simple differential ultracen- sup 
bring the solution to 48° saturation (7). The precipitate was trifugation procedure. nal 
separated by centrifugation for 30 minutes at 65,000 x g in By centrifuging the phosphate-fractionated thyroglobulin J scat 
preparation (in 0.1 m KNQOs3) in the No. 40 rotor for 260 min- fron 

1 We will eta re ean suggested by Wolf and — ©) . utes at 40,000 r.p.m. at room temperatures in the model L | erro 
a contormational change: -.. @ any stepwise an reversibpie : ‘ 
change in shape, size, or degree of association that the molecular Spinco ultrace ntrifuge , most of the thyroglobulin and heavier A 

components were sedimented to the bottom 20 to 30% of the diffe 


units of which a protein consists may undergo as a result of change , 
in physical environment.”’ centrifuge tube. By pipetting off the top ~70°% the slower extr 


Thyroglobulin was prepared from calf thyroid tissue follow- 
ing the procedure of Derrien et al. (7) with some minor modi- 
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Fig. 1. The ultracentrifugal characterization of three different 
thyroglobulin preparations from calf thyroid tissue. A. Prepara- 
tion I-5: phosphate fractionation after method of Derrien. 
Protein concentration = 1.50 and 0.50°%. &B. Preparation II-8: 
phosphate fractionated-centrifugally purified. Protein concen- 


sedimenting impurities (<S-19) were preferentially eliminated. 
The bottom ~30°, was then decanted (leaving behind the hard 
packed pellet) and brought back to the original volume with 
0.1 m KNO 3. <A second centrifugation was then performed for 
160 minutes under similar conditions. . 

The centrifuged solution contained three fairly: distinct lay- 
ers in addition to a small pellet. The bottom one-fifth of the 
centrifuge tube contained a rather concentrated solution of pro- 
tein and was easily detected by its color or refraction. The 
next layer represented thyroglobulin (S-19) essentially free of 
faster sedimenting protein. The upper boundary of this middle 
layer was easily detected by observing the light scattered when 
the celluloid centrifuge tube was placed in a narrow beam of 
light. Occasionally this boundary was demarcated by strong 
opalescence. This boundary occurred about two-fifths of the 
distance from the bottom of the centrifuge tube. 

The top layer (~60° ) was discarded again. The next layer 
(S-19 enriched), about 20° of the total volume, was isolated 
by careful pipetting. The bottom layer could then be decanted, 
brought to volume again, and more thyroglobulin obtained by 
repeating the above separation procedure. Although the vield 
obtained by differential centrifugation was modest, considerable 
purification was achieved in a relatively short time without 
the introduction of new reagents. 

The sedimentation pattern of the thyroglobulin fraction (mid- 
dle layer) is shown in Fig. 1B. Careful examination of the 
schlieren pattern reveals a well developed broad fast shoulder 
to the large thyroglobulin peak. As seen with the aid of a 
superimposed solvent base-line (double sector cell) this mate- 
rial is notably free of slower sedimenting molecules. The light 
scattering molecular weight proved to be larger than that found 
from sedimentation and diffusion and in excess of experimental 
errors (see ‘Results’ for details). 

A third type of preparation was secured by means of the 
differential centrifugation technique directly on the 0.96% NaCl- 
extracted thyroid tissue. The extract was centrifuged in the 
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C. Preparation III-9: centrifugally purified 
Protein concentration = 1.57%). All solu- 
Preparations IT 


tration = 1.41%. 
calf thyroid extract. 
tions were close to pH 6.0 and in 0.10 Mm KNOs,. 
and III were performed in the double sector cell and show solvent 
base lines. 


No. 40 rotor at 40,000 r.p.m. for 260 minutes. The upper 
~60% of solution in the tubes was pipetted off and discarded; 
the remainder was then brought to 2 to 3°; protein with 0.10 
M KNO;3. This procedure was repeated 3 to 4 times until 
the solution became free of hemoglobin and appeared yellowish. 
After the final spin for 160 minutes at 40,000 r.p.m. the mid- 
dle layer was separated, as described in the preceding paragraph. 
On ultracentrifugal analysis it showed a more symmetrical thy- 
roglobulin boundary than had been previously attained (Fig. 
1C) which was notably free of faster sedimenting material. 
The light scattering molecular weight was now in satisfactory 
accord with the sedimentation-diffusion value (see below for 
details). 

To facilitate discussion of these three types of preparation 
we will refer to them as follows: Preparation I, phosphate-frac- 
tionated; Preparation II, phosphate-fractionated, differential 
centrifuged; Preparation III, differential centrifuged. Unless 
stated otherwise all the data reported in this communication 
were obtained on Preparation I. 

Velocity Sedimentation— Analytical centrifugation was_per- 
formed in the Spinco model E ultracentrifuge which was 
equipped with a phase plate and temperature controls (RTIC 
unit). Sedimentation constants were determined by standard 
procedures. Experimental temperatures ranged between 22 and 
25°. All sedimentation constant values were corrected to the 
standard conditions of water at 20° by the methods suggested 
by Svedberg and Pedersen (8). 

The composition of ‘thyroglobulin solutions was determined 
from the relative areas under the peaks in the schlieren dia- 
gram. Since solutions of calf thyroglobulin may show more 
than two overlapping boundaries, the precise determination of 
individual areas becomes quite difficult. In addition, the com- 


position, as defined by the schlieren boundary areas, was found 
to vary somewhat between preparations. 
bility did not exceed about 10°. 


Generally this varia- 
(Preparation II-8 discussed 
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pH 12.0 ' 


Fic. 2. The influence of pH on the sedimentation behavior of thyroglobulin in 0.10 m KNO;; pH 9.5: Preparation I-5; Protein con- 
centration = 1.74 and 1.04%. pH 11.0: Preparation I-6; concentration = 1.24 and 0.52%. pH 12.0; Preparation I-5; concentration 


= 1.41%. 


in the text, however, did not conform to the above limit.?2) The 
values reported in Fig. 2 are averages taken from several prep- 
arations and should be considered provisional until further 
studies provide more information of the detailed behavior of 
calf thyroglobulin in alkaline solutions.’ Corrections for the 
Johnston-Ogston effect (9) were considered to be quite small 
and were not made. Corrections were made for the radial di- 
Jution in the ultracentrifuge cell, except when more than two 
boundaries were present. 

Diffusion—All solutions used in diffusion experiments were 
dialyzed against solvents of the same pH and salt concentra- 
tion for at least 24 hours at 5°. The composition was deter- 
mined by ultracentrifugation of the solutions used in the di- 
fusion experiments after completion of the runs. 

The diffusion experiments were performed in a Spinco mode] 
H instrument. The Rayleigh interference method was used to 
determine concentration gradients. The procedure (and com- 
putations) were similar to that reported elsewhere (10). The 


2? Preparation I-8 behaved in a manner substantially different 
from the preceding seven batches prepared by phosphate frac- 
tionation, in that it showed much greater resistance to alkali in 
its ability to be broken down into slower sedimenting components 
(numbers following roman numerals refer to individual batches 
prepared according to procedure indicated by roman numeral). 
As seen in Table V, at pH 9.5 only 16° of S-12 was formed, whereas 
the other preparations showed close to 30%. When Preparation 
II-8 was adjusted to pH 11.0 its ultracentrifugal composition was 
approximately that of a pH ~9.75 solution, as interpolated from 
Fig. 1. Finally, a pH 11.3 solution of Preparation II-8 compared 
favorably with that found with earlier preparations at pH 11.0 
(see legend, Fig. 5). Some recent experiments show a difference 
in behavior of calf thyroglobulin towards conformational changes 
induced by alkali which appears to depend on whether the thyro- 
globulin had been dialyzed free of neutral salt (Preparation I) or 
had been fractionated in 0.1 M KNQO, (Preparation III) when pre- 
pared. 

’ This variability in composition in response to alkali may be a 
reflection of the iodine content of the preparation. If the break- 


down of thyroglobulin were dependent on either the net charge of 
the protein or the specific ionization of phenolic hydroxyl groups 
then, from the known ability of iodination of phenols to substan- 
tially reduce the pK of the hydroxy] group, the degree of iodina- 
tion of our samples should play a significant role in the variation 
of both of these functions with pH. 


experiments were performed at 9.95° and the experimental val- 
ues were corrected by the Stokes-Einstein relation to those in 
water at 20°. Fringe positions were read directly from metal- 
lographic plates by a two-coordinate Mann comparator. Av- 
erage deviations of AH/AZ values were about 0.9% for Prep- 
aration I-6 and 0.6% for Preparation II-8. The diffusion 
constant of 0.5°, sucrose was obtained with this instrument 
and found to be 2.40 xX 10-* cm? per second at 1.0°.  Av- 
erage deviations were about 0.2%. This value is in very good 
agreement with that reported by Gosting and Morris (11). 

Viscositty—Viscosity measurements were performed in an Ost- 
wald viscometer with a flow time of about 100 seconds. The 
bath temperature was controlled to within 0.01° of 25.00°. 
Kinetic energy corrections were considered insignificant. All 
solutions were clarified by centrifugation at 16,000 X g for ap- 
proximately } hour. 

Partial Specific Volume and Refractwe Index Increment—The 
experimental details and results of pycnometric, refractometric, 
and optical densitometric measurements on a phosphate-frac- 
tionated (Preparation 1) calf thyroglobulin are reported in Table 
I. A Phoenix differential refractometer was used to obtain the 
refractometric measurements. 

The thyroglobulin preparation was extensively dialyzed 
against distilled water. All experiments were performed in 
duplicate and very close agreement was obtained on individ- 
ual samples. No change in the refractive index increment of 
calf thyroglobulin was found when the solvent was 0.10 M 
KNO;. All weights are based on dry weight values obtained 
by drying to constant weight at 90° under vacuum. 

The check on our procedures, using crystalline Armour bovine 
serum albumin as a standard, showed excellent agreement with 
literature values as noted in Table I. 

Light Scattering—A Brice-Phoenix photometer was used for 
turbidity measurements. Thyroglobulin solutions were clarified 
by centrifugation at 30,000 r.p.m. (avg. g = 123,000) for 10 
minutes in the swinging bucket rotor of the model L Spinco 
ultracentrifuge. Solvents were centrifuged in the Servall cen- 
trifuge for at least 4 hour at 20,000 x g. Freshly distilled 
water was used whenever possible. 

The instrument was calibrated by a sample of duPont Ludox 
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by the procedure suggested by Maron and Lou (14). This 
method of calibration gave results essentially identical to those 
provided by the instrument manufacturers by means of their 
“reference” standard (15). The turbidity is related to the 
arbitrary instrument values of reduced intensity by r/c = 
8.80 X 10-* Ro/c and the molecular weight is obtained by the 
standard formula 
8.80 K 1073 Ry 


M = =. 


The pH values were adjusted, before clarification by cen- 
trifugation, to the desired value with dilute base after making 
solutions 0.10 m in KNO 3. The 2.4-cm Phoenix cell was used 
in all measurements. Small volumes of a ~1% protein solu- 
tion were added stepwise to 15 ml of solvent. The solution 
was mixed by a small glass-encased magnetic stirrer. 


RESULTS 


Velocity Sedimentation. <A. Effects in Basic Solutions—In Fig. 
2 (and Table II) are shown the relative areas of the schlieren 
boundaries which are resolved in the analytical ultracentrifuge 
when the pH of thyroglobulin solutions is increased from pH 
5.9 to 12.7 in 0.1 mM KNO;. At least four new molecular species 
are formed by the progressive disorganization of thyroglobulin. 
For convenience we will name each component by the value 
of its sedimentation constant and “native” thyroglobulin will 
therefore be called the S-19 component. The s%.. value of- 
thyroglobin in 0.10 m KNO; at pH 6.0 was 19.4. The data 
conform to the equation S = 19.4 (1 — 0.113 C) between 0 
and 1% protein concentration. 

Below pH ~49.5 only a single new boundary was evident 
in the ultracentrifuge. The concentration of this species (S-12) 
was found to increase gradually between pH 5.9 and 9.5 and 
comprised a little less than one-third of the total at pH 9.5, 
as illustrated in Fig. 2A. When a 1.73% solution of thyro- 
globulin at pH 9.5 was diluted with solvent and examined in 
the ultracentrifuge, the relative amounts of the S-19 and S-12 
components were essentially unaltered between 1.73 and 0.35% 
protein. The sedimentation coefficients of both components 
are plotted in Fig. 4 as a function of concentration. The total 
protein concentration was used to plot the concentration of 
the fast component whereas the concentration of the slow com- 
ponent is its actual concentration in solution, 2.e. 30% of the 
total protein concentration (16). The concentration dependence 
of sedimentation of both components were negative and ap- 
proximately the same. ‘The extrapolated values of s2,, were 
19.0 and 12.1. There appears to be a slight decrease in the 
sedimentation constant of thyroglobulin between pH 6.0 and 
9.5. 

At pH values slightly above 9.5 the concentration of S-19 
drops rapidly and two new sedimenting boundaries appear (see 


Fig. 3). The faster and more abundant of these moves be- 


tween the S-19 and S-12 boundaries wih a sedimentation con- 
stant of about 15, when extrapolated to zero protein concen- 
tration (see Fig. 5). The S-12 component has an 8,. value 
of 10.8 at pH 11.0. The slowest moving component, which 
is present in only quite small amounts below pH ~11, sedi- 
ments with an S value of about 8. The 8-12 species increases 
in concentration up to pH _~11, where it becomes the principal 
component and then disappears almost completely between pH 
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TABLE I 
Partial specific volumes and refractive index increments of calf 
thyroglobulin 
g/100 ml 
Preparation I-7 | 2.24 0.7140.723 (3) 0.1949 10.6 
Preparation I-8 | 2.40 (0.71310.72 (1) 0.1948 10.4 


| 


Bovine serum | 1.7320.734.0.734; (12) 0.1950 0.1954 (13)) 6.62 


albumin | | 

* Determined at 20.00 + 0.02° in a 25-ml pycnometer. 

t Temperature = 23°. The green light filter of the Phoenix 
differential refractometer was used for measurements. The table 
value has been corrected (see Perlmann and Longsworth (13)) by 
the factor, 1.037 to that of blue light (4360 A); c, in g per ml. 

t Optical density at 280 my for a 1.00% solution in a 1.00-em.? 
cuvette. 


TABLE II 


Effect of pH on ultracentrifugal composition of components derived 
from thyroglobulin 


Protein concentration = 1.2 to 1.4%; KNO; = 0.10 M. 


Sedimentation components 
pH 
S-19 S-15 S-12 S-8 S-3 
% % % % % 
5.8 >95 <5 
8.0 85 15 
9.5 70 + 30 + 
10.0 31 22 42 5 
11.0 8 30 52 10 
12.0 23* 72 5 
12.7 75 25 


* This schlieren boundary may include some 8-12. 


100 


% COMPOSITION 


pH 
Fic. 3. The effect of pH on the variation in composition of 
thyroglobulin components resolved in the ultracentrifuge. Pro- 
tein concentration = 1.2to 1.4%. KNO;=0.10m. The numbers 
indicate the approximate sedimentation coefficients. 


11 and 12. The variation in composition with pH of thyro- 
globulin components is illustrated graphically in Fig. 3. 

At pH 12.0 the S-8 unit becomes the predominant species 
and comprises about } of the total protein concentration. At 
pH 12.7 a smaller moving component (S ~3 to 4) is formed. 
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THYROGLOBULIN (g /100 mi.) 

Fic. 4. The concentration dependence of sedimentation of S-19 
and S-12 at pH 9.5 in 0.10 m KNO;. The abscissae values of S-12 
have been reduced to its concentration in solution. The values 
for S-19 are for the total protein concentration. 
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Fic. 5. The concentration dependence of sedimentation of 8-15 
and 8-12 in 0.10 m KNO;. Open circles were obtained on Prep- 
aration I-6 at pH 11.0. Closed circles were for Preparation I-8 
at pH 11.3. The centrifuge patterns appeared quite similar (see 
text for further discussion of pH effects with Preparation I-8). 
Abscissae values for S-15 are that of the total protein concentra- 
tion excluding that of S-19. The values for S-12 exclude the con- 
centrations of S-19 and 8-15. | 


TABLE III 
Effect of tonic strength on composition of thyroglobulin at pH 10.0* 


Sedimentation components 
Bicarbonate buffer KNOs 
S-19 S-15 S-12 S-8 
M M % % % % 
0.0025 0 10 y 67 14 
0.0005 0.02 24 17 53 6 
0.0025 0.10 31 22 42 5 


* Protein concentration = 1.0. Stock solution brought to pH 
10.0 with NaOH. The Na* gegen-ion concentration was therefore 
~0.005 M. 
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The 8-8 and S-3 components are now the only two boundaries 
observable in thyroglobulin solutions. 

B. Reversibility—When the pH of a 1.5% solution of thy- 
roglobulin in 0.10 m KNOs was raised from 5.9 to 8.0 by di- 
lute base and after 5 minutes, returned to pH 5.9 again, the 
sedimentation pattern was quite similar to the untreated pH 
5.9 solution. However, a slight increase in the concentration 
of the S-12 component was apparent when compared with the 
control pattern. Similarly, when the pH 5.9 solution was in- 
creased to pH 11.0 for 5 minutes and then reacidified to pH 
8.0, only a small increase in the S-12 component (above the 
control at pH 8.0) was evident in the schlieren boundaries. 
In both experiments, therefore, the influence of the hydrogen 
ion activity on the composition of thyroglobulin products was 
largely but not completely reversible under the conditions em- 
ployed. 

When a pH 5.9 thyroglobulin solution was brought to pH 
12.0 for 5 minutes and then readjusted to pH 8.0, the sedi- 
mentation pattern neither resembled the pH 8.0, nor pH 12.0 
control patterns. Considerably larger amounts of S-12 were 
observed and the S-19 peak contained a fast shoulder which 
was not present before the addition of base. The molecular 
changes that occur at pH 12.0 are therefore either slowly re- 
versible or partially irreversible. Thyroglobulin solutions ad- 
justed to pH 12.7 and returned to 6.0 showed no discrete 
sedimenting boundaries; all the protein, apparently, has been 
partially or extensively aggregated. 

C. Effects of Ionic Strength—Lundgren and Williams (2) ob- 
served the formation of a new, slower moving boundary in 
solutions of thyroglobulin when the free electrolyte was elimi- 
nated by dialysis. They also found that the relative propor- 
tion of this component increased with pH between pH 6 and 
12. 

To determine whether calf thyroglobulin exhibited similar 
properties the variation in its composition has been investigated 
as a function of ionic strength at several pH values. At neu- 
trality (pH 6 to 7) the concentration of the S-12 molecule in- 
creased regularly from a trace at 0.10 m KNO; to about 25% 
at 0.001 KNOs. 

At pH 10.0 in 0.10 m KNO; the S-12 unit comprised about 
42% of the total protein concentration. The concentration of 
S-12 increased to about 67% when the ionic strength was re- 
duced to 0.005. The variation in the other constituents that 
occurs when the KNO; concentration was reduced is reported 
in Table III. 

At pH 11.0 in 0.20 m KNO,, less than 10% of the S-19 thy- 
roglobulin species remains, whereas the S-12 becomes the ma- 
jor component (see Table II). In contrast to the considerable 
influence of ionic strength on the distribution of sedimenting 
components observed at lower pH values, the composition 
changed very little with ionic strength at pH 11.0 between 0.20 
and 0.01 KNOs3. 

Viscosity—The viscosities of thyroglobulin solutions were de- 
termined in 0.01 m KNO; at pH 7.0, 9.0, and 11.0 and appear 
in Fig. 6. At neutrality the intrinsic viscosity was 0.047 dl/g 
which is only somewhat greater than the Einstein coefficient 
for nonhydrated spheres (0.019) and almost insignificant when 
compared to a randomly kinked polymer of similar size. We 
must conclude, therefore, that thyroglobulin possesses a rather 
high degree of spherical symmetry and compactness for a mole- 
cule (or micelle) of molecular weight close to % million. 
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The change in viscosity in going from pH 7.0 to 9.0 is less 
than from pH 9.0 to 11.0. If one assumes as a model for the 
shape of the particle(s) in solution that of an unhydrated pro- 
late ellipsoid of revolution, and computes an average axial ratio 
from the Simha equation (17), then it is apparent from the 
results that are shown in Table IV that the pH change from 
9.0 to 11.0 introduces about the same change in axial ratio 
as the pH 7.0 to 9.0 transition. It can be estimated from 
ultracentrifuge analyses that the relative concentration of the 
S-12 component has increased from about 15 to 40% in going 
from pH 7.0 to 9.0 in 0.01 mM KNO3. Further increase to pH 
11.0 does not alter the S-12 component greatly (from 40 to 
50%) but does lead to the formation of about 20% of S-15 and 
20% of S-8. It would seem, consequently, that the latter two 
species make a similar contribution to the intrinsic viscosity to 
that of the S-12 unit. 

When the pH of a neutral solution of thyroglobulin was raised 
to 11.0 and then directly returned to pH 7.0, the intrinsic vis- 
cosity neither dropped to its original value of 0.047 nor re- 
mained at 0.144, the value reported in Fig. 6 for pH 11.0. In- 
stead it returned to an intermediate value of 0.09, which is 
about the value observed for the pH 9.0 solution. This re- 
sult is approximately in accord with the sedimentation data 
in which the reversibility in properties was substantial but not 
complete. 

Diffusion—In Table V and Fig. 7 are compiled the data 
of four diffusion experiments on two different thyroglobulin 
preparations in 0.10 m KNO3. The more highly purified frac- 
tion (Preparation II-8) had a diffusion coefficient of 2.49 x 
10-7 at pH 6.0. When the pH was raised to 9.5, which re- 
sulted in the formation of 16% of the S-12 component, the dif- 
fusion component was found to be slightly larger, t.e. 2.56 x 
10-7. 

With the less purified, phosphate-fractionated thyroglobulin 
(Preparation I-5) the diffusion coefficient at pH 6.0 was 2.37. 
The lower value of this fraction probably reflects the greater 
significance of the impurities sedimenting faster than thyro- 
globulin (S-19). At pH 9.5 the diffusion constant increased 
to a value of 2.61. The increase is considerably more than 
twice that observed with Preparation II and probably results 
from the breakdown of the 8-25 component to smaller frag- 
ments (since most of this peak disappears in the sedimenta- 
tion pattern at pH 9.5) and the formation of a greater pro- 
portion of S-12 (i.e. 30%) with this preparation. 

The concentration dependence of diffusion depends on both 
the virial coefficient (B) and a frictional factor (k,) related to 
the concentration dependence of sedimentation (18), since 


{1 + (2BM/RT)c} 
1 + kyc 


D. = D, 


It is shown elsewhere in this paper that the virial coefficients 
are essentially zero at both pH 6.0 and 9.5 (in 0.10 m KNQs;). 
Moreover, the concentration dependence of sedimentation of 
8-19 is equal within experimental errors to that of S-12. Hence, 
the dependence of diffusion on concentration should be quite 
similar at pH 6.0 and 9.5. Moreover, O'Donnell et al. (5) 
have shown that the diffusion coefficient of hog thyroglobulin 
does not change significantly with concentration from ~0.3 to 
1% protein. We may, therefore, conclude that the replace- 
ment of S-19 by S-12 molecules has resulted in an increase 
in the net rate of diffusion. 
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Fic. 6. Reduced specific viscosity of thyroglobulin (Prepara- 
— I-5) in 0.010 m KNO; as a function of pH. Temperature = 


TABLE IV 
Effect of pH on intrinsic viscosity of thyroglobulin in 0.01 m KNO 


pH a/b* 


7.0 3. 
9.0 0.085 9. 
1.0 0.144 13. 


Coo 


] 


*a/b = Average axial ratio of prolate ellipsoid of revolution 
(based on Simha equation) and assuming no hydration. 
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Fic. 7. Plot of diffusion data as measured by the Rayleigh inter- 
ference fringe method. Filled circles were obtained on Prepara- 
tion I-6; open circles on Preparation II-8. Experimental details 
are given in Table V. 


Light Scattering—Light scattering measurements were made 
on the three different types of preparations outlined in the 
Methods section. At neutrality (pH ~6.0) in 0.10 wm KNO; 
all preparations showed no dependence of reduced turbidity on 
concentration. The weight average molecular weights of these 
three types of preparations were: (A) Preparation I = 930,000; 
(B) Preparation II = 820,000; (C) and Preparation III = 
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TABLE V 
Diffusion coefficients of thyroglobulin* 
Preparation I Preparation II 
pH 
Concen- - 
S-12t | DX 107 | DX 107 
g/100 ml % g/100 ml % 
6.0 0.54 2.37 0.35 2.49 
9.5 0.55 30 2.61 0.33 16 2.56 


* KNO; = 0.10 mM. All runs performed at 9.9° and corrected to 
water at 20° by Stokes-Einstein formula. 

t Sedimentation analyses were performed on samples used in 
diffusion experiment. 


TABLE VI 


Hydrodynamic properties of thyroglobulin (components) at neutrality 
and pH 9.6 in 0.10 m KNO; 


pH X 108 a/b* Deo.w X 10? 

6.0 19.4 669 1.49 9.0 2.49 

9.5 a. 12.1 669 2.40 32. 1.55 
b. 12.1 335 1.51 9.4 3.11 


* Value of axial ratio (a/b) are those for an unhydrated prolate 
ellipsoid of revolution. 
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THYROGLOBULIN (g /100 ml.) 
Fic. 8. The variation of the reduced intensity of light scatter 
with pH in 0.10 Mm KNO;. At pH 9.9 and 11.0 the solutions con- 
tained 0.02 m glycine. 


690,000. The progressive decrease in average molecular weight 
can be correlated with the composition of the different prep- 
arations as determined by ultracentrifugation (see Fig. 1). The 
decrease in the average molecular weight follows approximately 
the decline in the S-25 component and in the material appearing 
as a fast moving shoulder of the S-19 boundary. 

In Fig. 8 is reported the reduced intensities of thyroglobulin 
(Preparation II-8) at pH values of 6.0, 9.9, and 11.0 in 0.10 
mM KNO;. The intrinsic scattering and hence the weight av- 
erage molecular weight of thyroglobulin declined as the pH 
was increased. It is of interest to note that the slopes of the 
curves in Fig. 8, i.e. the second virial coefficients, are indis- 
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tinguishable from zero at pH 6.0 and 9.9. However, at pH 
11.0, there appears to be a small significant slope factor. In 
the data shown in Fig. 8, 0.025 m glycine buffer was used in 
the pH 9.9 and 11.0 solutions to ensure contro] of the pH. 
(These data were in very good agreement with results obtained 
without glycine buffer at the same pH values with this sam- 
ple of thyroglobulin.) 

A decrease of 18% in turbidity was found between pH 6.0 
and 9.9. With this preparation (II-8) the S-12 component con- 
stituted 20% of the total protein concentration at pH 9.9. 
Ten per cent of the loss in scatter can be accounted for if the 
S-12 was formed by dissociation of the 8-19. The remaining 
8% change probably comes from the dissociation of a small 
amount of faster sedimenting protein. 

When the above set of experiments were repeated with Prep- 
aration III-9 the scattering dropped by only 7% between pH 
6.0 and 9.9. An ultracentrifuge pattern showed the formation 
of 10% of S-12 at pH 9.9. Thus, when the thyroglobulin 
preparation was essentially devoid of material sedimenting faster 
than the thyroglobulin peak, the light scattering data are in 
close agreement with the ultracentrifuge analysis. When the 
pH was raised to 11.2 the intrinsic scatter dropped to 70% 
of that observed at pH 6.0. 

The further decline in intrinsic scatter observed at pH 11 
indicated further molecular disorganization and is compatible 
with the appearance of slower moving boundaries as reported 
in Fig. 2 (pH 11.0 and 12.0). 

When a thyroglobulin solution at 1.25% in 0.10 m KNO; 
was turbidimetrically titrated with dilute base between pH 
6.5 and 11.2, the turbidity declined and was in approximate 
accord with that reported in Fig. 8 at the corresponding pH 
values. Upon back-titrating with small volumes of dilute acid 
from pH 11.0 to 8.0, the scattering intensity of the concen- 
trated thyroglobulin solution retraced the forward curve, al- 
though it was displaced toward smaller values by about 10% 
of the total scatter. The addition of dilute acid tended to 
produce local flocculation in the concentrated solution which 
disappeared on stirring (magnetic). Nevertheless, it seems un- 
likely that gross aggregation could account for the smooth re- 
versal in scatter. When the pH was reduced below pH ~8 
the solutions tended to become strongly opalescent which pre- 
cluded further measurements. 

Time Effects—Practically all measurements reported in this 
paper were performed at least 4 hour after any adjustment 
in pH from the value of concentrated stock solutions. None 
of the measurements reported above showed any observable 
time effects, (except the pH-turbidimetric titrations mentioned 
in the preceding section). Kinetic effects could be observed 
by light scattering, however, when the pH adjustment was made 
immediately before observation in the photometer. Most of 
the decrease in scatter was over in about 34 hour when the 
pH was raised from 6.0 to ~9.5, whereas somewhat longer 
times were required when the final pH was 10 and above. 

Denaturation—Some preliminary observations on the rates of 
denaturation of thyroglobulin in alkaline media are of interest 
in connection with the sedimentation data and are, therefore, 
presented, When the pH of a thyroglobulin solution was raised 
to 11.0 and then rapidly acidified to pH 5.25 with a concen- 
trated acetate buffer no insoluble protein was found, even after 
standing at pH 11.0 for 3 hours. However, when the pH was 
increased to 11.6, a time-dependent formation of insoluble pro- 
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tein occurred upon the addition of the same acetate buffer 
(final 4 = 0.80). About one-half the protein present was pre- 
cipitated in 5 minutes. At pH 11.9 the rate was much faster 
and the half-life was only about 1 minute. If we therefore 
define denatured thyroglobulin as that form which is insoluble 
at (or near) its isoelectric pH, then we may refer to the S-8 
(and slower sedimenting species) as denatured thyroglobulin. 
The S-15 and 8-12 species, therefore, represent modified forms 
of thyroglobulin which are either soluble at pH 5.3 or in rapid 
equilibrium with soluble forms at pH 5.3. 


DISCUSSION 


Properties of Calf Thyroglobulin at Neutrality—The s2,. value 
of thyroglobulin determined in 0.10 m KNO; at pH 6.0 was 
19.4, and is in close agreement with the recent value reported 
by O’Donnell et al. (5), for hog thyroglobulin. The slope, how- 
ever, is about 50% smaller than theirs. 

The value of 2.49 xX 10-7 for the diffusion coefficient is slightly 
smaller than the value of 2.60 x 10-7 reported by both O’Donnell 
et al. (5) and Derrien et al. (3) for hog thyroglobulin. Whether 
this difference in diffusion coefficient is related to the impuri- 
ties present in the hog preparations or to different frictional 
coefficients for calf and hog thyroglobulin is uncertain at pres- 
ent. Resolution of this difference will have to await the fur- 
ther purification of hog thyroglobulin. If we combine this 
value with the sedimentation constant (19.4) and the partial 
specific volume (0.7135) a molecular weight of 669,000 is cal- 
culated by the Svedberg equation. This value is in the range 
of recent reports for hog thyroglobulin, of 655 x 10% by Derrien 
et al. (3) and 660 x 10% by O’Donnell et al. (5). 

Properties of the S-12 Component—Lundgren and Williams (2) 
observed the formation of a slower moving boundary in hog 
thyroglobulin solutions when the free salt was eliminated by 
dialysis. Since their sedimentation studies showed that the 
relative area of the slower: moving boundary increased with 
protein concentration between ~0.25 and 4% they concluded 
that the reaction was not a dissociation but an isomerization 
reaction. 

O’Donnell et al. (5) have pointed out that the slower moving 
boundary would show an increase with increasing protein con- 
centration due to the Johnston-Ogston effect (9). The failure 
to observe a decrease may be due to activation energy barriers 
of the type we have found for calf thyroglobulin which inhibit 
dissociation on dilution (see final section). 

Since the concentration of the S-12 component in calf thy- 
roglobulin solutions may be enhanced either by reducing the 
ionic strength at neutral pH or by raising the pH at constant 
ionic strength (0.10 Mm), it seems logical to conclude that the 
component we have called S-12 is similar and probably iden- 
tical to the ‘“a-protein’”’ reported by Lundgren and Williams 
(2). For reasons presently unknown, the calf protein is more 
easily dissociated in basic solutions than the hog protein. Hei- 
delberger and Pedersen (1) observed that at pH 12.0, in .083 
M NaCl, hog thyroglobulin is not stable and forms two new 
sedimenting boundaries with sedimentation coefficients of 12.4 
and 9.2. The S-12 particle may also be formed at neutrality 
in 0.10 m KNOs; in much higher yields by treating calf thyro- 
globulin solutions with relatively small quantities of anionic 
detergents, such as sodium dodecyl] sulfate (19). O’Donnell et 
al. (5) have reported that a similar enhancement in hog “a- 
protein” was accomplished by making their solutions 10% in 
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dioxane. 
free salt. 

In Table VI are shown calculated values of the frictional 
ratio (f/fo) and diffusion coefficient of the S-12 component 
based on (a) an isomerization process, which necessarily leads 
to a substantial increase in frictional coefficient, and (b) a dis- 
sociation into two fragments of equal mass. It is apparent 
that if the S-12 particle arises from a change in shape only 
then it would show an increase in frictional ratio, in propor- 
tion to the sedimentation values of the two forms, i.e. 19.4: 
12.1. However, if the S-12 particle is formed by dissociation, 
it would possess a frictional ratio quite similar to that of the 
parent molecule. The diffusion coefficient was found to in- 
crease in both the phosphate- and centrifugally-fractionated 
thyroglobulin. The increases are in approximate accord with 
the compositional changes observed in each preparation by 
sedimentation analysis based on the mechanism fitting Case 
(b). Since the diffusion coefficient should decrease in Case (a) 
and increase in Case (b) this experiment gives an unambiguous 
answer. Viscosity measurements, cannot a priori distinguish 
between the two cases, unless there were relatively little in- 
crease or a decrease in viscosity. ‘Then Case (a) could be read- 
ily excluded. Since an isomerization reaction would require 
a substantial increase in viscosity (see Table V1), the small 
increase observed is in harmony with the conclusion drawn 
from the diffusion data. Differences in the degree of hydration 
between S-19 and S-12 could account for the small increase 
observed in intrinsic viscosity. 

The reduction in the intrinsic light scatter that occurs be- 
tween pH 6.0 and 9.9 (or 9.5) can only be viewed as a con- 
firmation of Case (b). The magnitude of the change is ap- 
proximately related to the variations in composition, assuming 
that the molecular weight of S-12 is one-half that of the S-19 
component. On this basis, the turbidity is in harmony with 
the hydrodynamic measurements. Similarly, the increase in 
scattering that occurs on reducing the pH from 11 to 8 should 
be viewed as in keeping with the reversibility observed in sedi- 
mentation patterns under similar pH adjustments. 

Properties of Components Formed Above pH 9.5—Above pH 
9.5 two new molecular species are formed, having sedimentation 
constants of about 15 and 8. Up to pH ~11 the faster sedi- 
menting component is present at about three times the weight 
concentration of the slower boundary. Since the S-15 compo- 
nent has about the same concentration dependence of sedi- 
mentation as the S-19 and S-12 particles, it is probably globular 
in form also. On this basis, an approximate value for its mass 
would be about } of the native molecule. Whether this species 
arises from a 3 to 1 split of the S-19 or by further dissocia- 
tion of the 8-12 into fragments, i.e. halves, with recombina- 
tion of one of the fragments with the S-12 (on a new site) is 
not apparent from the data. Since no S-15 material appears 
until S-8 is seen, dissociation of S-12 into halves and recom- 
bination to form S-15 seems reasonable. 

At pH 12, the S-8 particle becomes the principal component. 
It has been shown that once this molecule is formed at pH 
~12 it becomes insoluble when the pH is adjusted rapidly 
to 5.25 with acetate buffer. We may, therefore, classify S-8 
as a denatured (and dissociated) form of thyroglobulin. 

Mechanism of Conformational Changes—It seems evident from 
the ability of ionic strength and pH to produce changes in 
the conformational properties of thyroglobulin, that the driv- 


However, to observe their effect they eliminated all 
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ing force of the various transformations that occur is largely 
electrostatic in origin. Since the isoelectric point of thyroglobu- 
lin is a little below pH 5 (1), an increase in pH will result in 
a larger negative charge on the protein. 

The formation of new sedimentable species following increases 
in alkalinity occurs at measurable rates and can conveniently 
be followed by light scattering methods. Although changes in 
pH produce time-dependent changes in light scattering, varia- 
tion in protein concentration at a specific pH has little or no 
effect on the proportions of the various components. The com- 
position of thyroglobulin solutions, as determined by sedimen- 
tation analysis, did not vary significantly as the protein con- 
centration was reduced from ~1.7 to 0.35% at pH values of 
9.5 and 11.0 (see Fig. 2). Rapid equilibration of components, 
in accordance with mass action considerations, would probably 
result in positive slopes in the S versus C plot. The lack of 
rapid equilibration, however, accounts for the resolution of the 
individual components in the ultracentrifuge. 

The slopes of the turbidity data at pH 9.9 and 11.0 are in 
accord with the sedimentation experiments in showing that no 
measurable changes in composition occur with variation in pro- 
tein concentration. If rearrangement of molecular species oc- 
curred rapidly with dilution, then a positive slope would be 
expected in the turbidity function plotted in Fig. 8. Both the 
sedimentation and turbidity data, therefore, indicate that a 
significant energy of activation controls the rate of intercon- 
version of thyroglobulin and its slower sedimenting products. 
It is of interest to note in this connection that the reduced 
turbidity of thyroglobulin at pH 6.0 in 0.10 m KNO; is con- 
stant from the lowest concentration that has been measured, 
i.e. 0.0035 to 1.0%. At pH 6.0, therefore, either the equilib- 
rium constant for dissociation is either very small in 0.10 mu 
KNO; or the activation energy is too high for dissociation to 
occur at room temperatures. 


SUMMARY 


The molecular weight of calf thyroglobulin has been deter- 
mined by sedimentation and diffusion and by light scattering. 
Both methods give a value close to % million, which is in agree- 
ment with the molecular weight of hog thyroglobulin. 

Calf thyroglobulin has been shown to undergo a series of 
reversible conformational changes which are governed by the 
pH and ionic strength of the solution. The first change of this 
type involves the formation of a particle with sedimentation 


Properties of Thyroglobulin. I 


Vol. 235, No. 5 


properties similar to the a-protein of Lundgren and Williams 
(2). However, diffusion and light scattering experiments in- 
dicate that it is formed by dissociation of thyroglobulin into 
two subunits. 

Increase in basicity above pH 9.5 results in the formation 
of two new sedimenting components which, based on light 
scattering observations, must be smaller in molecular weight 
than thyroglobulin. 

At room temperatures thryoglobulin is denatured at pH val- 
ues above ~11.4 and the first order velocity constant of de- 
naturation shows a marked dependence on pH in this region. 
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Lundgren and Williams (1) first noted the formation of a slower 
sedimenting component, which was derived from native hog 
thyroglobulin when the free salt was extensively removed by 
dialysis. O’Donnell et al. (2) found that the amount of this 
component could be substantially augmented by adding dioxane 
to form a 10% dioxane solution. In experiments with calf 
thyroglobulin in 0.10 mM KNOs; we have observed several new 
sedimenting boundaries when the solution was made 20% (vol- 
ume per volume) in ethyl] alcohol. Since detergents probably 
react with the same types of bonds in proteins as organic sol- 
vents (3, 4) but do not produce major changes in solvent prop- 
erties, at the concentrations usually employed, we have conducted 
the present investigation principally with very dilute solutions 
of the anionic detergent, sodium dodecy] sulfate. 

The profound effects that detergents may have on the struc- 
ture of proteins has been reviewed (3). Depending on the nature 
of the protein, association (5) or dissociation (5-7) reactions, 
complex formation (8-10), as well as denaturation (11-13) or 
precipitation (14), may occur. Detergents have also been used 
to expose groups in proteins normally unavailable to specific 
chemical reagents (11, 12). 


EXPERIMENTAL 


Materials and Methods 


Thyroglobulin Preparations—The preparation and properties 
of thyroglobulin from calf thyroid tissue have been reported in 
Paper I of this series (15). All the data contained in this com- 
munication, except for the turbidity experiments, were obtained 
on a phosphate-fractionated preparation (Preparation I, as de- 
scribed in Paper I). In the light scattering experiments a 
phosphate-fractionated, centrifugally purified preparation (Prep- 
aration I1) was used. In addition, some of the results found with 
Preparation I were compared with the more homogeneous Prep- 
aration III. Both preparations gave quite similar results. 

Materials—The sulfate series of detergents were purified prep- 
arations and were a gift from Dr. E. Barthel of E. I. du Pont de 
Nemours and Company, Inc. TDAC! was obtained from Ar- 
mour and Company, Chicago. Other reagents were c.p. grade 
orequivalent. Glass-distilled water was used throughout. 

Sedimentation—The experimental procedures have been de- 
scribed in a preceding publication on thyroglobulin (15). Cor- 
rections were made for the radial dilution in the ultracentrifuge 


'The abbreviations TDAC, trimethyl dodecyl ammonium 
chloride; and SDS, the sodium salt of dodecyl] sulfate, are used 
throughout. 


cell. All sedimentation data were obtained at room temperatures 
and have been corrected to that of water at 20°. No corrections 
were made for the influence of detergents on solvent viscosity 
and density, since nearly all of the detergent added to thyroglob- 
ulin solutions in 0.10 m KNO; is bound to the protein. ‘“Sedi- 
mentation constant” refers to the value of the sedimentation 
coefficient at zero concentration. 

Potentiometry—All pH measurements were performed directly 
on the various protein solutions with a Beckman pH meter, 
model GS. The pH meter was calibrated by buffers recom- 
mended by Bates et al. (16). 

Viscosity and Light Scattering—The procedures used were simi- 
lar to those described in Paper I on thyroglobulin. 

Ultracentrifugal Components—In Paper I (15) native thyro- 
globulin, with a molecular weight of 669,000, has been referred 
to as an S-19 component since it sediments in dilute solution 
with a sedimentation constant of 19.4. At pH values somewhat 
greater than neutrality a second component with a sedimenta- 
tion constant of 12.1 was formed. This component was referred 
to as 8-12. 

In very dilute detergent solutions a new boundary with very 
similar sedimentation properties was observed. Since it is be- 
lieved to possess the same molecular weight as the S-12 species 
observed in alkali, it will also be called S-12 in this paper. In- 
asmuch as the sedimentation coefficients of both components, 
1.e. the S-19 and S-12, were found to decline sharply in dilute 
detergent solutions, this nomenclature refers to components with 
a distinctive mass rather than sedimentation coefficient. 

Binding of SDS by Thyroglobulin—Although binding curves 
of SDS by thyroglobulin have not been obtained, it is clear that 
most of the detergent present in solution must be bound because 
of its very low solubility in 0.10 m KNOs, 7.e. about 5 « 10-4 Mm. 
Moreover, the free energy of binding of detergent-like compounds 
is usually quite high (17). Thus, in a 0.01 m SDS solution at 
least 95% of the detergent is bound to protein. If the binding 
follows a Langmuir type of curve, then at lower concentrations 
of SDS the percentage bound must be even greater. To a first 
approximation, therefore, we are justified in assuming that all 
the detergent is present essentially in bound form. Brand and 
Johnson (7) have reached similar conclusions based on their 
electrophoretic and sedimentation data on legumin. 


RESULTS AND DISCUSSION 

Sedimentation Properties 
A. Effect of SDS on Sedimentation of Thyroglobulin—In Fig. 1 
is illustrated the variation in composition that occurred when 
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Fic. 1. The effect of sodium wi de sulfate (SDS) on the ultra- 
centrifugal composition of thyroglobulin. Protein concentration 
=~ 1.7% KNO; = 0.092 m. @, faster sedimenting component, 
S-19; O, slower sedimenting component, 8-12. 


MOLARITY SDS 


Fic. 2. The effect of sodium dodecy] sulfate on the sedimenta- 
tion coefficients of the faster (S-19), @, and slower (S-12), O, 
sedimenting components of thyroglobulin. Protein concentration 
=> 1.7% KNO; = 0.092 m. 


increasing amounts of SDS were added to thyroglobulin solutions 
in 0.092 m KNO;. The relative amount of native thyroglobulin 
(S-19) decreased as a slower moving boundary (S-12) was formed 
at its expense. At 0.001 m SDS, the two components were pres- 
ent at about equal concentrations. Thereafter, the content of 
the S-12 species increased gradually with detergent concentration 
and reached about 75% of the total composition at 0.015 m SDS. 

A third component makes its appearance at about 0.004 m 
SDS and sediments slightly slower than S-12, such that it forms 
part of this boundary. Its concentration increased slowly as 
more detergent was added and reached about 10 to 15% of the 
total protein concentration in 0.011 m SDS. Since this compo- 
nent is only poorly resolved from the S-12 peak, its area was 
included in that of S-12 in the data shown in Fig. 1. 

Fig. 2 depicts the effect of SDS on the sedimentation coefh- 
cients of the two major components described in Fig. 1. It is 
evident that the interaction of thyroglobulin with SDS produces 
marked changes in the frictional properties of both components. 
At concentrations of SDS less than 0.001 m there appears to be 
little change in the configurational properties of either component 
since their sedimentation coefficients are constant. Between 
0.001 and 0.004 m SDS a rather rapid decline in 829,,, occurs in 
both components. Beyond ~0.004 m SDS, only a small further 
decrease in 82,,. takes place. If only the density and molecular 


weight but not the frictional ratio of thyroglobulin were affected 
by the binding of SDS, then a monotonic variation of s20,,, with 
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SDS concentration would be expected. The broken line in Fig. 
2 shows the effect of SDS-binding on the calculated sedimenta- 
tion coefficient of the S-19 component if we assume that (a) all 
the detergent present is bound, (6) the ¥ of the detergent-protein 
complex is a weighted average of the two components, and (c) 
the frictional ratio is constant. The sigmoid variation in 82 , 
is therefore principally a reflection of a corresponding change in 
the frictional properties of the sedimenting particles. This point 
of view finds confirmation in the viscosity data (see below) where 
the viscometric changes observed with SDS would be essentially 
independent of solute density. 

B. Reversibility of Thyroglobulin-SDS Interaction—A solution 
of thyroglobulin was prepared identically to that shown in Fig. 1 
at 0.0018 m SDS. After standing at room temperature for 2 
hours it was dialyzed against 0.10 m KNO; for 15 hours at 5°, 
The centrifuge pattern showed two peaks with the faster one 
comprising 80% of the total protein. Before dialysis this com- 
ponent constituted only 47% of the protein. Moreover, the 
sedimentation rates of the two components increased to the val- 
ues observed at 0.0009 m SDS and were therefore in accord with 
the new compositional values. 

In a second experiment a thyroglobulin solution containing 
0.0083 m SDS in 0.10 Mm KNO; was prepared. After standing for 
4 hour the solution was dialyzed for 5 hours at 25°. The cen- 
trifuge diagram contained two boundaries with their areas hav- 
ing close to a 50-50 division between them. Before dialysis the 
slower component represented about 70% of the total protein. 
The sedimentation coefficients increased in accordance with their 
new composition. Therefore, at least partial compositional and 
configurational reversibility can be readily obtained by removal 
of part of the detergent by dialysis. 

C. Effect of Thyroglobulin Concentration on its Sedimentation 
Behavior in SDS—The influence of thyroglobulin concentration 
on its sedimentation rate in 0.011 mM and 0.055 MSDS was investi- 
gated. At the low ionic strengths used in these experiments 
(0.010 and 0.005 m KNOs, respectively) the faster moving bound- 
ary (S=19) constituted only a small fraction of the total protein, 
i.e. ~15%.? The data for the slower moving component, as set 
forth in Fig. 3, show typical polyelectrolyte behavior in that S 
varied strongly with protein concentration and a linear relation 
was Observed between 1/82 and C in both cases (18). The 
Soo. Values are 7.7 and 9.1, respectively. 

The larger sedimentation constant (9.1) found (for the slower 
moving component) in 0.055 mM, as compared with 0.011 m, SDS 
is unexpected since its slope is greater than found in the more 
dilute detergent solution. This type of discrepancy serves to 
indicate the complexity of the behavior of a flexible macromole- 
cule in this four-component system. It seems possible that this 
effect can be explained by an increase occurring in the ionic 
strength of the medium as a result of a larger percentage of the 
detergent ions being free in the stronger detergent solutions as 
the protein concentration was reduced. 

D. Effect of pH on Sedimentation Behavior of Thyroglobulin in 
SDS—In the absence of SDS, increasing amounts of a new sedi- 


menting component (S-12) were formed as the pH was raised — 


between 6.0 and 9.5 (15). When thyroglobulin solutions in 


2 At 0.011 m SDS the faster moving boundary (about 15% of 
the total protein) displays the same type of dependence of S on 
C. The slopes of the two lines (1/s versus C) are similar. The 
820,» of the faster moving boundary was 9.05 as compared with 
7.7 for the slower boundary. 
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0.011 m SDS (and 0.10 m KNOs) were adjusted to pH values up 
to 11.0, very little variation was observed in either the composi- 
tion or sedimentation rates of the two components from those 
seen in neutral solution; nor did the centrifuge patterns vary 
significantly when thyroglobulin solutions were adjusted to pH 
9.0 and 11.0 before the addition of detergent. It would appear, 
therefore, that the molecular transformations that occur in alkali 
(<pH 11.0) are readily reversible and have little or no effect on 
the properties observed in SDS solutions. In harmony with this 
observation is the demonstration in the preceding paper on 
thyroglobulin (15) that the molecular changes brought about by 
alkali below pH 11.0 were largely reversible. 

E. Effect of Ionic Strength on Sedimentation Rate and Equilib- 
rium of Thyroglobulin Components in SDS—In 0.011 Mm SDS, both 
thyroglobulin and its dissociation product show the sedimenta- 
tion behavior of a randomly coiled polyelectrolyte. This is 
demonstrated by the marked linear dependence of 1/S on C (Fig. 
3) and by the large effect of ionic strength (Fig. 4). A rigid, 
rod-like molecule would show the former, but not the latter, 
behavior (19). Above 0.12 m KNOs, there is little change in 
sedimentation coefficient with ionic strength, and the values are 
close to those observed without SDS. The curves in Fig. 4 
appear to be monotonic functions of the ionic strength and imply 
a continuous transition in frictional properties of the two species. 
The relative proportion of the two components also varied with 
ionic strength. Major changes occurred below 0.01 and above 
0.10 m KNO3. The proportion of the slower component increased 
only from 70 to 80% as the salt concentration was reduced within 
these limits, but it increased to 90% at 0.005 m and it decreased 
from 70 to 30% between 0.10 and 0.25 m. 

F. Cationic Detergents—The influence of the sign of the charge 
on the detergent was investigated by using the cationic detergent, 
trimethyl dodecyl ammonium chloride (TDAC). In 0.003 m 
TDAC no demonstrable effect was observed on the sedimentation 
pattern of thyroglobulin at pH 6.0 in 0.10 mM KNO;. At 0.007 m 
TDAC a small amount of protein (~10%) sedimented at a 
slightly faster rate than native thyroglobulin. Otherwise, the 
thyroglobulin boundary appeared unaffected. Higher concen- 
tration of TDAC precipitated thyroglobulin. 

Viscometric Properties 

A. Viscosity of Thyroglobulin in SDS—The variation in confor- 
mational’ properties of thyroglobulin in detergent solutions ob- 
served by sedimentation was paralleled by viscometry. This 
relationship was evident in the influence of both SDS and ionic 
strength. 

In Fig. 5 is shown the effect of SDS on the viscosity of thyro- 
globulin in 0.01 and 0.10 mM KNOQ; solutions. The difference in 
reduced specific viscosity between the two curves is seen to be 
appreciable, especially at higher concentrations of SDS. It is 
apparent from the data in Fig. 5 that the effect of SDS, in its 
interaction with thyroglobulin in 0.01 m KNOs, does not appear 
to be approaching completion even at 0.009 m. In 0.10 mM KNOs, 


_ however, simple electrolyte is present in high enough concentra- 
_ tion to be quite effective in quenching the rise in viscosity above 


~0.004 m SDS. The marked sensitivity of thyroglobulin vis- 


*We will use the definition suggested by Wolf and Briggs (6) 
of a conformational change: ‘‘. . . as any stepwise and reversible 
change in shape, size or degree of association that the molecular 
units of which a protein consists may undergo as a result of change 
in physical environment.”’ 
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specific viscosity of thyroglobulin in 0.01 and 0.10 m KNO;. 
thyroglobulin concentration varied from 1.50 to 1.36% as SDS 
was increased from 0 to 0.009 m. Temperature = 28.1°. 
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Fic. 3. The influence of thyroglobulin concentration on its 
sedimentation coefficient, in sodium dodecyl sulfate. @,SDS = 
0.011 mM, KNO; = 0.005 m; O, SDS = 0.055 m, KNO; = 0.010 m. 
Both sets of data are for the slower moving component which con- 
stituted approximately 85% of the total protein. The abscissa 
values represent the total protein concentration present in solu- 
tion. 
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Fic. 4. The influence of electrolyte (KNO;) concentration on 
the sedimentation coefficient of undissociated, @, and the dis- 
sociated, O, form of thyroglobulin in 0.011 m SDS. Protein con- 
centration + 1.1%. 
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Fic. 5. The effect of sodium dodecyl sulfate on the reduced 
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Fic. 6. The effect of thyroglobulin concentration on its reduced 
specific viscosity: A (left), at constant SDS (0.01 m) and KNO; 
concentrations (dilution, Method 1) and B (right), at constant 
KNO; concentration; SDS = 0.01 m when thyroglobulin concen- 
tration = 1.44%. This ratio of SDS to thyroglobulin was pre- 
served with dilution (Method 2). 7 = 28.1°. Straight lines, at 
bottom of figure, are for thyroglobulin without SDS. 
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cosity to the ionic atmosphere is quite typical of the behavior 
of linear polyelectrolytes (20). 

It is particularly noteworthy that a lag occurs in the viscosity 
curve in Fig. 5 at low levels of SDS before the viscosity begins 
to increase significantly. A similar lag is evident in the sedimenta- 
tion data reported in Fig. 2. Thus, at concentrations of SDS 
less than 0.001 m very little change has occurred in either the 
reduced viscosity or in 82,.. However, at 0.001 m SDS under 
similar conditions, the ultracentrifuge patterns indicate the 
formation of about 50% of the slower moving component. If 
this molecule were formed from the faster moving component 
without a change in mass, it would necessarily show a rather 
large frictional change which would be reflected in a considerable 
increase in viscosity. The fact that a significant change in vis- 
cosity was not found in 0.001 m SDS supports the hypothesis 
that the slower sedimenting component arises by dissociation of 
native thyroglobulin into two equal fragments without much 
change in asymmetry. Moreover, the value of the sedimenta- 
tion constant observed below 0.001 m SDS (~12 S) is very similar 
to the value of the dissociation product formed in thyroglobulin 
solutions below pH 9.5 in 0.1 m KNO; in the absence of detergent 
(15). However, aside from this initial dissociation into two 
molecules, the course of the conformational changes observed in 
alkali is quite different from that observed with detergents. 

B. Effect of Thyroglobulin Concentration on its Viscosity Be- 
havior in SDS—The conformational changes produced by SDS 
and ionic strength in thyroglobulin solutions are strikingly re- 
vealed by observing the viscosity when the protein concentration 
is diluted while (a) keeping the SDS and KNO; concentrations 
fixed and (b) the protein and SDS concentrations are reduced 
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simultaneously but the KNO; concentration is kept constant, 
The viscosity data (at several concentrations of KNO;) con- 
forming to Method a are shown in Fig. 6A (left); the results 
obtained by Method 6b are illustrated in Fig. 6B (right). Further 
dilution of the protein beyond the values reported in Fig. 6A 
resulted in insolubilization of the SDS. 

When the protein concentration was reduced by Method ag, 
the viscosity increased as shown in Fig. 6A. Since the SDS to 
protein ratio was augmented as a result of the method of dilu- 
tion, the extent of SDS binding was presumably enhanced and 
further unfolding resulted. The increase was more notable at 
lower concentrations of K NO; and is a consequence of the greater 
electrostatic interactions that prevail when insufficient neutral 
salt is present to reduce the electrical potential of the charged 
groups along the polypeptide chain. In these experiments, there 
may be, however, a significant electroviscous effect especially 


when the protein has a large charge and the ionic strength is low © 


(22). Nevertheless, it should not seriously alter the trend of the 
viscosity changes. 

When the SDS to protein ratio was preserved by dilution, 
Method b, the viscosity declined and tended to approach the 
value of native thyroglobulin. The viscosity data are not suff- 
ciently precise in dilute thyroglobulin solutions to determine 
how closely thyroglobulin returns to its native form. The extent 
of interaction between thyroglobulin and SDS was obviously 
diminished by dilution and consequently the protein tends to 
refold. It seems clear enough, however, that a major reduction 
in frictional properties has occurred by this method of dilution. 


Light Scatter 


It has been shown that the viscosities of thyroglobulin-deter- 
gent solutions tend to return to the value of native thyroglobulin 
when dilutions are made so as to keep the ratio of protein to 
detergent concentrations constant. Since viscosity furnishes 
information only of the shape of the solute particles, we have 
repeated this type of experiment by light scattering which should 


tell us something about the equilibrium between the S-19 and 


S-12 forms. 


When SDS was added to a clarified solution of thyroglobulin | 


in 0.10 mM NaNOs, which resulted in a detergent concentration of 
0.0055 M, a fall in reduced scattering intensity of 36% was found. 
The total change had occurred by the time a measurement could 


be obtained, which was about half a minute after adding deter- © 


gent to the protein solution. All the other measurements were 
found similarly to be complete immediately after dilution. 

If the observed change in turbidity was a measure of the dis- 
sociation of thyroglobulin into halves, then this would correspond 
to ~70% dissociation. This value compares favorably with the 
ultracentrifuge data recorded in Fig. 1. 

The protein-detergent solution was now diluted with a solution 
of 0.10 m NaNO3. The data are reported in Fig.7. The reduced 
intensity is seen to increase linearly with dilution from 0.76 to 
0.03% thyroglobulin concentration. 
thyroglobulin would be about 27% dissociated if we assume pro- 
portionality between scatter intensity and weight average molec- 
ular weight. 

The preceding analysis of the light scattering data in terms 
of the dissociation of thyroglobulin into halves is predicated on 
a similar interpretation of the combined sedimentation and vis- 
cosity data. The interpretation of the light scattering data 
assumes that the solutions behave ideally, i.e. that the second 
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virial coefficients are insignificant. It has been reported else- 
where (15) that the reduced scattering of thyroglobulin in 0.10 
mu KNO; at neutrality (or pH 9.9) is independent of protein con- 
centration. Of course, in detergent solutions where the protein 
charge is increased by anion binding, we cannot be certain that 
the second virial coefficient is unaffected. Neither can it be 
directly evaluated due to the nature of the protein-detergent 
interaction as elucidated by the viscosity data shown in Fig. 6. 
It has been demonstrated by viscosity measurements, however, 
that ~0.10 m neutral salt is effective in inhibiting the unfolding 
of thyroglobulin by detergent, presumably by suppressing intra- 
molecular electrostatic interactions.‘ 


Effect of Detergent Chain Length on 
Interaction with Thyroglobulin 


Boyer et al. (23) have shown that the stabilization and, hence, 
binding of even numbered long chain fatty acids to serum albu- 
min increased significantly with increase in chain length between 
the 4 and 10 unit carbon chains. Similarly, Karush and Sonen- 
berg (17) showed a strong dependence on chain length, from 8 
to 12 carbon chains for the binding of alkyl sulfates by serum 
albumin. The binding of alkyl sulfate detergents, with even 
numbered carbon chain lengths from 8 to 14, to thyroglobulin at 
pH 5.20 has been shown to increase markedly with chain length 
between the 8 and 12 carbon chains.’ Johnson and Joubert (5) 
noted a similar effect with the latter group of detergents in their 
efficiency in associating arachin. 

Although the 12 and 14 unit detergent chains show comparable 
binding curves,® their ability to form the slower moving compo- 
nent discussed above, 7.e. (S-12) is not equivalent. In Fig. 8 
is shown the effect of the four detergents on the percentage of the 
slower moving component formed and the sedimentation coeffi- 
cients of the two components. It is seen that the 14 carbon 
chain fits in between the 8 and 10 unit chains both with respect 
to the amount of the slower moving boundary formed and its 
sedimentation rate. We may surmise, therefore, that although 
the binding strength or affinity of the 12 and 14 detergent chains 
are comparable, the 14 unit is less effective in dissociating and 
unfolding thyroglobulin, at least under the conditions of this 
set of experiments. 


COMMENTS 


Conformational Changes. A. <0.001 uw SDS—The properties 
of the S-12 component are compatible only with it being formed 
from S-19 by dissociation into halves. If S-12 were an isomeric, 
unfolded (or swollen) form of S-19, the reduced specific viscosity 
of the 50-50 mixture formed in 0.001 m SDS would be signifi- 
cantly greater than that of thyroglobulin without detergent. 
Little or no change in viscosity (in 0.10 m KNOs3) was observed 
in 0.001 am SDS. Hence, in 0.001 m SDS the shape of the 8-12 
component is approximately the same as that of S-19. The 
light scattering data also indicate a similar decrease in (weight 
average) molecular weight, although it is somewhat less suscepti- 
ble to rigorous proof. 

Other evidence in harmony with a cleaving of thyroglobulin 


‘From the magnitude of the viscosity data in 0.10 w KNO; it 
seems unlikely that any corrections for dissymmetry of scattering 
are necessary. The effect of detergent-binding on the refractive 
properties of thyroglobulin also remain unexplored and unac- 
counted for. 

‘H. Edelhoch and R. L. Lippoldt, unpublished experiments. 


H. Edelhoch and R. E. Lippoldt 
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Fic. 7. The effect of sodium dodecyl] sulfate on the reduced in- 
tensity of thyroglobulin. The broken line is the scattering of 
thyroglobulin at pH 6.0 in 0.10 m NaNOs. The lower curve repre- 
sents the scattering of thyroglobulin solutions containing a con- 
stant weight ratio of detergent to thyroglobulin of 0.208 in 0.10 
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HYDROCARBON CHAIN LENGTH 


Fic. 8. The effect of the length of the hydrocarbon chain on 
the ultracentrifugal composition of thyroglobulin. The numbers 
near the points indicate the sedimentation coefficient values of 
the two components. The 14 component is not in line with the 
8, 10 and 12 detergents. Detergent concentration = 0.005 mo. 
KNO; = 0.10 m. Protein concentration = 0.65. Detergents are 
the sodium salts of octyl sulfate (8), decyl sulfate (10), dodecyl 
sulfate (12) and tetradecy]! sulfate (14). 


comes from its behavior in alkaline solution. It has been shown 
that thyroglobulin also dissociates in dilute alkali solutions (pH 
<9.5) and that the sedimentation coefficient of the new compo- 
nent is quite similar to that observed in 0.001 m SDS. More- 
over, the degree of dissociation in alkali, as in SDS, is dependent 
on the ionic strength of the solution. 

B. >0.001 u SDS—In SDS, at concentrations between 0.001 
and 0.004 m a continuous change in the frictional properties of 
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both components (S-19 and S-12) was observed. This type of 
transition suggests that thyroglobulin unfolds more or less con- 
tinuously in this range of detergent concentration, the extent 
depending only on the amount of detergent ions available to 
stabilize the unfolded forms. It is interesting to note that the 
shape of the subunits formed from arachin (5) and legumin (7) 
by detergent action is not significantly different from the parent 
molecule. 

The increase in protein charge that results in neutral (pH ~7) 
thyroglobulin solutions in 0.010 m SDS, even if we assume that 
all the detergent present is bound, is about equal to that which 
occurs by raising the pH to ~11 in the absence of detergent. 
Under the latter conditions thyroglobulin breaks down into sub- 
units (S-15 and §S-12 principally) which, judging from their 
solubility in pH 5.2 acetate buffer and concentration dependence 
of sedimentation, appear to be globular in form and not signifi- 
cantly unfolded. Therefore, it seems reasonable to assume that 
the intramolecular unfolding results from the interaction of deter- 
gent with hydrophobic residues which furnish the cohesive energy 
(hydrophobic bonding) that helps constrain the protein in its 
globular form. The fact that the extent of detergent-binding 
by thyroglobulin and, consequently, its degree of unfolding is 
strongly dependent on the length of the hydrocarbon chain of 
the detergent furnishes support for this hypothesis. 

The failure of the cationic detergent TDAC to produce similar 
effects as SDS indicates either that positive loci are necessary 
for detergent binding or that a certain minimal negative protein 
charge is required for unfolding to occur. The binding of TDAC 
would of course reduce the protein charge. 

C. Reversibility—Although the sedimentation, viscosity, and 
turbidity data indicate considerable reversibility in the interac- 
tion of thyroglobulin with detergent, it is not certain that the 
reaction is completely reversible. Further work is indicated in 
order to assess the exact extent of reversibility attainable. 


SUMMARY 


The interaction of sodium dodecyl! sulfate, at low concentra- 
tions, with thyroglobulin leads to the dissociation of thyroglobu- 
lin into two subunits without much change in asymmetry. At 
higher concentration of detergent the dissociation proceeds fur- 
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ther toward completion and at the same time both molecules 
undergo a marked change in their frictional properties. In 0.0] 
mM sodium dodecyl sulfate thyroglobulin, and its dissociation 
product conform in their hydrodynamic behavior to randomly 
coiled polyelectrolytes. 
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In a previous publication from this laboratory, a method was 
described for the quantitative bromodecarboxylation of amino 
acids, proteins, and peptides (1). A review of decarboxylating 
compounds and of the theories pertinent to their mode of action 
has been presented by Schénberg and Moubacher (2). The re- 
action of N-bromosuccinimide with various compounds in organic 
solvents has received considerable investigation and qualitative 
studies with the reagent in aqueous media (3-8) have been 
reported. However, the reaction of amino acids with N-bromo- 
succinimide has received little investigation other than by Bara- 
kat et al. (6) and of tyrosine, and tryptophan derivatives and 
analogues by Witkop et al. (7, 8). Quantitative studies, espe- 
cially of gas evolution, do not appear to have been carried out 
although the liberation of bromine and carbon dioxide has been 
recognized. 

The experiments reported herein were performed for the pur- 
pose of gaining a further understanding of the reaction 
mechanism involved in the bromodecarboxylation of amino acids 
with N-bromosuccinimide. Studies were conducted, inter alia, 
on the effects of pH, palladium chloride, and concentration of 
N-bromosuccinimide on the reaction. 7 


METHODS 


Qualitative Determination of Gases Evolved—N-bromosuccin- 
imide (2 g) was reacted with an amino acid (1 g) in 50 ml of water 
at room temperature for about 2 hours. The evolved gases were 
collected, dried with Drierite, and analyzed by infrared spectros- 
copy. 

To provide additional information, quantitative as well as 
qualitative, mass spectrometry was also employed. For this 
purpose an all glass apparatus was used for performing the reac- 
tion and collecting the gases. The amino acid (0.25 g) and N- 
bromosuccinimide (1.0 g) were added to a 250-ml reaction flask. 
The entire system was evacuated to a pressure of about 0.5 yu. 
Distilled water (50 ml), which had been freshly boiled and cooled 
to room temperature, was added by means of a separatory funnel 
to the powdered reactants. The reaction mixture was stirred 
with a magnetic stirrer for approximately 2 hours at room tem- 
perature. The evolved gases were drawn into an evacuated 
cold trap (acetone and Dry-Ice mixture) which removed bromine 
and most of the water vapor. Additional water was passed into 
the reaction vessel to displace most of the remaining gases into 
the cold trap. After allowing these gases to remain in the cold 


These studies were supported by a grant-in-aid from the Na- 
tional Institutes of Health, United States Public Health Service 
(Grant C-2341). 


trap for approximately 15 minutes, the gas sample to be analyzed 
from this cooled gas mixture was drawn off into an evacuated 
container (10 ml capacity) and analyzed by means of a mass 
spectrometer (model 21-401) manufactured by the Consolidated 
Engineering Corporation. 

Quantitative Determination of Gases Evolved—For most of our 
studies, manometric methods were employed. The evolved 
gases were measured quantitatively in the Barcroft-Warburg 
apparatus with constant volume manometers. Brodie’s solution 
was used as a manometer fluid. The flasks were calibrated with 
mercury (9). The reaction of each amino acid was carried out 
in duplicate, one manometer being utilized to determine carbon 
dioxide and the other, through use of a carbon dioxide trapping 
agent, to determine any other gas (presumably nitrogen) that 
might be evolved. An atmosphere of CO--free nitrogen was used 
in all cases. 

Warburg vessels with two side arms and a center well were 
utilized. The amino acid solution (5 wmoles in 2 ml) was pi- 
petted into the main compartment of the flask. Potassium iodide 
(40%, 0.5 ml) was pipetted into the center well of each vessel to 
absorb bromine.' Analytical grade filter paper, folded three or 
four times, and inserted into the well with tweezers was used to 
increase the surface area of the bromine-absorbing solution and 
to make sure that the potassium iodide would not spill from the 
cup when the flasks were tipped in order to initiate the reaction.” 
The top of the well was greased before inserting the filter paper 
to prevent potassium iodide from creeping over the cup into the 
outer compartment during the course of the reaction. In order 
to account for any excess gas evolved (other than carbon dioxide), 
20% KOH,’ as a CO, absorbent, was added to a side arm of the 
second reaction vessel. 

To the second side arm of each vessel, 0.5 to 1.5 ml of N-bromo- 
succinimide were added, the amount depending on the amino 
acid or compound being tested. The N-bromosuccinimide so- 
lution was prepared by adding 0.5 g of N-bromosuccinimide and 
0.5 g of succinimide to 50 ml of water or buffer. Although the 


! Added in proof. It has been found that 40° sodium thiosul- 
fate is preferable as a trapping agent. 

2 The paper should project beyond the side walls of the center 
cup into the gas space above by approximately 5 mm. 

3 Epsilon blue indicator (0.001%) may be added to the potassium 
hydroxide to determine whether the absorbing capacity has been 
exhausted. 

4In some experiments, designed to determine the effect of 
N-bromosuccinimide concentration on rate and completeness of 
reaction, the concentration of N-bromosuccinimide was varied 
between 5 and 75 uwmoles, while the amino acid concentration was 
held constant at 5 umoles. 
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succinimide was added to suppress decomposition of N-bromo- 
succinimide, its inclusion is not indispensable for reactions as 
short in duration as those reported here. 

For one side arm a gas vent was used as a stopper thus per- 
mitting a preliminary flushing of the flask with nitrogen. After 
attachment to the manometers the flasks were immersed in a 
water bath held at 30° + 0.02°. Vigorous stirring of the water 
is important: the temperature within the vicinity of the flask 
should not fluctuate, as a change of 0.05° will cause an error of 
1.7 wl (10). 

The flasks were next flushed with nitrogen, approximately 1.0 
liter of gas being used. By use of a manifold arrangement all 
flasks were flushed simultaneously. After closing the stopcocks, 
30 minutes were allowed for equilibration and absorption of all 
traces of CO2 present in the gas phase. 

After reading the zero point, the reaction was initiated by 
tipping the N-bromosuccinimide into the main compartment, 
care being taken not to spill any KOH during the procedure. 
The shaker was set at a moderate rate (30 to 40 oscillations per 
minute). All reactions were allowed to continue until the 
volume of evolved gas remained constant for a minimum of 1.5 
hours. In all cases, suitable controls and blanks were run and 
results reported are the average of two or more determinations 
(agreement to within 5%). 

Aldehyde Formation—The formation of aldehydes by some 
amino acids, when treated with N-bromosuccinimide in an aque- 
ous medium, has been reported by Barakat et al. (6). Prelimi- 
nary tests of the reaction mixture under our conditions of study 
also indicated the production of aldehydes from some amino 
acids. The reaction products were tested in the following man- 
ner: N-Bromosuccinimide (1.5 g) was added to the amino acid 
(1 g) in 25 ml of water. The mixture was stirred for 5 to 10 
minutes. Thiosulfate was added to destroy the bromine and any 
excess N-bromosuccinimide. The solution was made neutral 
with phosphate buffer and then steam distilled. The first 10 
ml of distillate were collected and treated with methone. The 
dimedone derivatives were recrystallized from methanol ‘and 
their melting points and infrared spectra were compared with 
dimedone derivatives of authentic specimens of aldehydes (11). 

Consumption of N-Bromosuccinimide—N-Bromosuccinimide 
consumption was determined by titrating iodometrically the 
bromine liberated from a solution of N-bromosuccinimide before 
and after the decarboxylation reactions (12). Blanks and con- 
trols were run simultaneously. The effect of N-bromosuccin- 
imide concentration on reaction completeness was also deter- 
mined by adding varying amounts of N-bromosuccinimide to a 
constant amount of amino acid, as in the Warburg studies. 
These experiments were run simultaneously with those con- 
ducted by the Warburg method and served as a check on the 
manometric data. The results reported are the average of six 
or more determinations. 


EXPERIMENTAL MATERIALS 


The amino acids and amino acid derivatives were purchased 
from commercial sources except for €-aminocaproic acid which 
was kindly donated by Dr. Ruegsegger of the Lederle Labora- 
tories. 


RESULTS 


In addition to the results of the manometric and titration 
studies which are summarized in Table I, a number of supple- 
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mentary investigations were carried out. Infrared analyses were 
made to provide confirmatory evidence on the composition of 
the gases that were evolved in the course of reaction with N- 
bromosuccinimide. ‘These analyses revealed that CO2 was the 
only gaseous substance that could be proven by this method to 
be present always among the amino acid reaction products. Ox- 
ides of nitrogen and ammonia were thus excluded. 

By use of mass spectrometry, it was possible to confirm that 
in addition to CO. and bromine, nitrogen was the only other gas 
which, in certain specific cases, was evolved. For example, with 
glycine at pH 4.7, 79.7% (by volume) of the gas was carbon di- 
oxide and 20.1% was nitrogen. Valine yielded 98.7% of the 
gaseous products as CO, and, even though the solution was 
boiled, only 1.0% as nitrogen. The results thus obtained by 
mass spectrometry were confirmed by duplicate analysis and 
were in complete agreement with the Warburg data. 

The studies reported upon in Table I were restricted to the 
manometric determination of nitrogen and CO, when various 
amino acids and a few related compounds were used as substrates 
and upon titration studies in which the consumption of N-bromo- 
succinimide was determined. In addition to the substances re- 
ported upon in the table, y-aminobutyric acid and ¢€-amino- 
caproic acid were studied. These substances evolved neither 
CO: nor nitrogen under the conditions investigated although 
they consumed N-bromosuccinimide. 

Benzoyl-L-argininamide, glycine anhy- 
dride, and benzoylglycine were also studied. These were found 
to be completely unreactive in that neither CO, nor nitrogen was 
evolved nor was N-bromosuccinimide consumed. At all pH val- 
ues investigated, all of the other amino acids and derivatives 
reacted to some extent to evolve CO, and, in some cases, nitrogen. 

Three amino acids (alanine, glycine, and leucine) were studied 
for gas evolution over a wide range of pH (pH 1 to 7). Although 
the rate of CO: evolution tended somewhat to increase with 
decrease of pH the effect was not pronounced. Determination 
of pH before and after addition of the amino acid and after 
completion of the reaction, indicated that the changes of pH did 
not exceed 0.01. 

Carbon Dioxride—The evolution of CO2 with most of the 
a-amino acids proceeded rapidly and was usually complete 
within 30 minutes (see Fig. 1). In the case of B-alanine and 
sarcosine, the rate of CO, evolution was markedly increased by 
addition of PdCl, (see footnote to Table I). In the case of 
amino acids which were otherwise readily decarboxylated (a- 
aminoisobutyric acid, glycine, leucine, and valine), PdCl, was 
clearly inhibitory (see Fig. 2). With the exception of glycine, 
all of the amino acids in Groups 1 and 2 of Table I yielded CO; 
in stoichiometrically equivalent amounts: 1 mole of COs: per 
mole of amino acid. In the case of glycine, it was noted that 
at pH 4.8, complete degradation of the molecule ensued and 
both carbon atoms were liberated as COz. With L-tryptophan 
at pH 4.8, CO: formation approached 2 moles if the reaction 
was permitted to continue for many hours. Other amino acids 
that behaved atypically are listed in Group 3: L-aspartic acid 
which yielded 2 moles of CO; per mole of amino acid and L- 
histidine hydrochloride and 1-methyl-p-histidine each of 
which, in the course of 30 minutes, yielded between 1 and 2 
moles of CO, per mole of amino acid. 

In the course of preliminary experiments designed to deter- 
mine the optimum concentration of N-bromosuccinimide, it was 
noted that at subminimal concentrations of N-bromosuccini- 
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TABLE I 
Action of N-bromosuccinimide on amino acids and related compounds 
pH 3.4 | pH 4.8 | 
Compound Comments 
NBS* Not NBS* Not 
Group 
pL-a-Amino n-valeric acid........... 2.3 1.0 0 1.9 1.0 0 
L-Arginine hydrochloride............ 2.3 1.0 0 2.2 1.0 0 N-Butyraldehyde determined 
Ce 2.2 1.0 0 2.2 1.0 0 
3,5-Dibromo-L-tyrosine..............| 5.3 1.0 0 7.1 1.0 0 
L-Glutamic acid..... 2.5 2.1 1.0 0 
t-Hydroxyproline................... 3.32 1.0 0 3.3 1.0 0 Pyrrole formed 
2.5 1.0 0 2.1 1.0 0 
4.5 1.0 0 4.5 1.0 0 
pi-Phenylalanine.................... 2.5 1.0 0 2.0 1.0 0 Phenylacetaldehyde determined 
SASS SS TE 2.6 1.0 0 2.1 1.0 0 Isobutyraldehyde determined 
Group 2 
a 2.5 1.0 0.3 2.0 1.0 0 Acetaldehyde determined 
pL-a-Aminoisobutyric acid........... 2.7 1.0 0.5 2.6 1.0 0.1 
u-Lysine hydrochloride.............. 3.3 1.0 0.3 3.7 1.0 0.3 
4.0 1.0 0.2 2.0 1.0 0 
8.3 1.0 0.1 7.9 lto2 | >0.2 
8.2 1.0 trace 9.7 1 >0.2 
Group 3 
4.8 0 3.9 2.0 0 
L-Histidine hydrochloride. .......... 8.1 1.7 0 8.1 1.7 0 
1.5 0 1.5 
0.5 0 1.0 0 
+-Amino butyric acid................ 1.9 0 0 2.1 0 0 
e-Amino caproic acid................ 2.5 0 0 2 0 0 
Ammonium bromide................ 1.8 0 0.5 1.5 0 0.5 
Ammonium sulfate.................. 3.4 0 1.0 2.9 0 1.0 
Glycinamide hydrochloride.......... 3.2 0 0.5 2.9 0 0.5 


* Consumption of N-bromosuccinimide (NBS) in moles per mole of compound, as determined by differential titrations before and 


after reaction with the added amino acid or derivative for a period of approximately 4 hours. 


N-Bromosuccinimide consumption in- 


creases slowly with time (due to secondary reactions); this increase follows upon an initial rapid reaction which appears to parallel 


the rate of decarboxylation. 


Each of the values reported for NBS consumption is the average of six or more determinations and is 
reproducible, under the conditions employed, to plus or minus 5%. 


+t Evolution of CO, and Nz in moles per mole of compound. CO: evolution, if any, complete in 30 minutes except as follows: Glycine 
at pH 4.8, 20 hours; L-Tryptophan at pH 4.8, 2 moles CO: in 20 hours; 8-Alanine, 10 to 20 hours (30 minutes in presence of PdCl:); 


Sarcosine, 30 to 60 hours (30 minutes in presence of PdCl:). 
0.5 mole in 20 hours. 


mide, the amount of CO, formed from an amino acid was in 
direct proportion to the concentration of N-bromosuccinimide. 
Increase of the latter above that required for complete decar- 
boxylation failed, however, to increase the rate of the reaction 
or to effect side chain degradation with liberation of additional 
CO>. 

Nitrogen—The manometric studies were so conducted as to 
permit determination of both CO, and nitrogen. Although the 
data recorded in the table are somewhat meager on this point, 
the formation of nitrogen was found to be increasingly evident 
with decrease of pH. In the case of amino acids which evolved 


negligible amounts of nitrogen (Group 1 and Group 3), the 


In the case of t-Tryptophan at pH 4.8, the evolution of N: approached 


yield could not be increased by prolongation of the reaction 
(up to 48 hours). Several amino acids (Group 2), however, 
yielded appreciable amounts of nitrogen. Thus, under appro- 
priate conditions, all of the nitrogen in glycine and a-aminoiso- 
butyric acid appeared solely as gaseous nitrogen. The forma- 
tion of nitrogen was retarded, however, by addition of PdCl.: 
an effect which parallels the inhibitory action of PdCl, on de- 
carboxylation. 

Consumption of N-Bromosuccinimide—Although most of the 
amino acids consumed from between 1.5 and 3.3 moles of N- 
bromosuccinimide (at pH 3.4) there were several noteworthy 
exceptions. The amino acids, tyrosine, 3,5-dibromo-t-tyrosine, 
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tryptophan, and histidine, consumed between 5 and 9 moles of 
the brominating agent per mole of amino acid. Methionine, 
threonine, and aspartic acid each consumed between 4 and 5 
moles of N-bromosuccinimide. The initial reaction with the 
brominating agent was found to proceed very rapidly; control 
studies showed that N-bromosuccinimide did not, itself, decom- 
pose appreciably during the short time required for this reaction 
to take place. If allowed to stand for long periods of time (2 
days), N-bromosuccinimide in aqueous solution decomposed 
slowly (for example, 2.7 umoles decreased to 2.1 umoles). In the 
presence of an equivalent amount of succinimide, the spontaneous 
decomposition of the brominating agent was negligible (3.0 
umoles decreased to 2.9 uwmoles in 2 days). 

The reaction of N-bromosuccinimide with amino acids and 
derivatives proceeded very rapidly: after a reaction time of 1 
minute a value was attained which remained practically un- 


_ changed for 30 minutes (time used in decarboxylation studies). 


LEUCINE 


@ 


GAS EVOLUTION (x!) 


100 120 140 160 
REACTION TIME (Minutes) 


0 20 40 60 80 


Fig. 1. Gas evolution curves for the reaction of N-bromosuc- 
cinimide with alanine at pH 3.4 and leucine at pH 4.8. The initial 
peak in the N»2 curves is due to the fact that the alkali does not 
instantly absorb all the CO:2 present in the gas phase. The total 
amount of nitrogen evolved is represented by the level portion of 
he No» curve. 


If the N-bromosuccinimide were permitted to react for many 
hours, secondary reactions ensued in which a slow continuing 
consumption of N-bromosuccinimide was commonly observed. 


DISCUSSION 


The preceding data indicate a general type of reaction for 
most of the a-amino acids studied. The initially rapid reaction 
seen in aqueous media supports an ionic mechanism as discussed 
by Heyns and Stange (4). It has been pointed out that under 
the conditions which we used (N-bromosuccinimide in aqueous 
solution), the active agent is positive bromine (13). The first 
stable end products to be isolated (four cases) were the alde- 
hydes corresponding to the decarboxylated parent compounds. 

Under certain conditions, glycine decomposed to yield 2 moles 
of CO, and 0.5 mole of nitrogen (see Fig. 2); 2.e. the two carbon 
atoms of glycine appear as CO, and the single atom of nitrogen 
as molecular nitrogen. This is compatible with the recent ob- 
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Fig. 2. The effect of pH and palladium chloride on the degrada- 
tion of glycine by N-bromosuccinimide. The initial peak in the 
N2 curves is due to the fact that the alkali does not instantly ab- 
sorb all the CO: present in the gas phase. The total amount of 
nitrogen evolved is represented by the level portion of the Ne 
curve. O——O, The evolution of carbon dioxide plus nitrogen 


8 10 12 
REACTION TIME (Hours) 


at pH 4.8; 0D, the evolution of nitrogen at pH 4.8; BB, 
the evolution of carbon dioxide plus nitrogen at pH 3.4; ®——®, 
the evolution of nitrogen at pH 3.4; A——A, the effect of pal- 
ladium chloride on carbon dioxide plus nitrogen evolution at pH 
3.4; A——A, the evolution of nitrogen in the presence of palla- 
dium chloride at pH 3.4. 
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servation of Crawhall and Watts (14) that it was not possible 
to find oxidative conditions which yield the carboxyl carbon 
atom as CO: without further degradation taking place. 

Substitution of the N-atom of the amino group with acyl 
groups essentially prevents decarboxylation. Esters of the 
free amino acids also do not decarboxylate. When both car- 
boxyl and a@-amino groups were protected, as in the case of 
benzoyl argininamide and glycine anhydride (diketopiperazine), 
there was no reaction. These facts suggest that the electron- 
withdrawing effect of the substituted amino group is insufficient 
to permit decarboxylation. The ester group also serves to 
deactivate the molecule. Steric hindrance is seemingly not too 
important because even a carbobenzoxy group does not prevent 
amino acids such as tryptophan and tyrosine from reacting with 
\-bromosuccinimide to form a cyclic intermediate (7, 8). 

Attention should be drawn to the quantitative decarboxyla- 
tion of proline and hydroxyproline which do not behave like 
the unreactive N-substituted amino acids. We conclude that 
proline and hydroxyproline do not undergo ring cleavage be- 
tween the imino group and its adjacent methylene group under 
the reaction conditions: this conclusion rests upon the observa- 
tion that pyrrole is among the products resulting from the de- 
carboxylation of hydroxyproline. 

Many a-amino acids with larger side chains than alanine 
decarboxylated quantitatively but the formation of nitrogen gas 
was negligible. We conclude that the nitrogen evolved from 
glycinamide was derived exclusively from the alpha amino 
group. We suspect that in the case of lysine only the epsilon 
amino group evolves nitrogen. As the amino group is displaced 
farther from the carboxyl group it behaves more as a primary 
amino group. According to Barakat and Mousa (15), primary 
amines and primary alcohols are oxidized to the corresponding 
aldehyde. Because it has been shown that ammonium salts 
will give rise to quantitative evolution of nitrogen under similar 
conditions, it seems probable in the general case that the a- 
nitrogen remains bound to the relatively stable carbon skeleton. 

The presence of palladium chloride was shown to influence 
the rate of reaction of N-bromosuccinimide with amino acids. 
Wieland and Bergel (16) observed that the velocity of degrada- 
tion of amino acids by alloxan was greatly increased in the pres- 
ence of palladium. We have observed that the role of heavy 
metals, such as palladium, becomes more important in the reac- 
tion of N-bromosuccinimide with peptides. 

In the titration studies it was noted that the amino acids 
used varying amounts of N-bromosuccinimide at different pH 
values, although no change in gas evolution was observed. The 
additional N-bromosuccinimide was probably consumed by 
reactive R groups on the amino acid. Similar observations 
have been made by others (7, 8, 17). Increased consumption 
of N-bromosuccinimide, with evolution of nitrogen, was due 
presumably to the requirement of N-bromosuccinimide for 
conversion of the amino nitrogen to free nitrogen. In the case 
y-aminobutyric acid, the same amount of N-bromosuccinimide 
was consumed as for a-aminoisobutyric acid, but no CO, was 
evolved. It would seem that in this case the hydrogen atoms of 
the amino group are being replaced. 

It is of interest to note that Heyns and Stange (4) and Bara- 
kat et al. (6) used for the reaction a mole ratio of 1:1 of N-bro- 
mosuccinimide to the amino acid or derivative. According to 
our data this ratio would provide insufficient N-bromosuccin- 


_*N. Konigsberg, G. Stevenson, and J. Murray Luck, unpub- 
lished data. 
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imide for a complete reaction. This fact could possibly account 
for their low yields of reaction products. 


SUMMARY 


1. A qualitative and quantitative study was made of the 
gases evolved in the bromodecarboxylation of amino acids and 
derivatives. N-bromosuccinimide was used as the decarbox- 
ylating agent. Studies were conducted on the effect of pH, 
palladium chloride, and concentration of N-bromosuccinimide 
on the course of the reaction. 

2. Under appropriate conditions, all of the amino acids and 
derivatives that were studied evolved 1 mole of carbon dioxide 
per mole of amino acid except for certain special cases. 

3. In virtually all cases, a reaction time of 30 minutes was 
sufficient for completion of the decarboxylation. The effect of 
pH on the rate of CO:z evolutions was not pronounced. The 
presence of PdCl, increased the reaction rate of B-alanine and 
sarcosine. 

4. In addition to glycine, several other amino acids evolved 
nitrogen, especially at the lower pH employed. Many a-amino 
acids with larger side chains than alanine formed negligible 
amounts of nitrogen. Ammonium salts reacted quantitatively 
to yield molecular nitrogen. 

5. In the case of four amino acids that were studied, an alde- 
hyde corresponding to the decarboxylated parent compound 
was proven to be a reaction product. 

6. Amino acids with aliphatic side chains consumed a mini- 
mum of 2 moles of N-bromosuccinimide per mole of amino acid. 
The presence of other reactive groups on the amino acid caused 
an increase in the consumption of N-bromosuccinimide. Tryp- 
tophan and tyrosine required appreciably more N-bromosuccin- 
imide than was required by the other amino acids. 
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In previous publications from this laboratory, we have inves- 
tigated the anomalous behavior of human serum albumin (1), 
various animal albumins (2) and human y-globulin (3) in the 
Tiselius electrophoresis apparatus at acid pH. Because of in- 
creasing interest in the behavior of proteins in the acid region 
below their isoelectric point, this phenomenon has been receiving 
increasing attention from several groups of investigators as dis- 
cussed in a recent review article by Brown and Timasheff (4). 

The main characteristics of the electrophoretic patterns of 
proteins in the isoelectric point region are the complex boundary 
patterns obtained and the lack of symmetry between the as- 
cending and descending boundaries (5-7). Longsworth and Ja- 
cobsen (8) suggest that the nonenantiographic patterns obtained 
for bovine serum albumin under such conditions indicate contin- 
uously readjusted equilibria across the moving boundaries. 
Charlwood (9) studied the variations in the electrophoretic pat- 
tern of human serum albumin (2%) in 10 different organic buffer 
anion systems at pH 4.0 and 0.02 ionic strength. He concluded 
that the complex ascending patterns obtained must involve 
specific interactions between buffer anions and protein although 
they may be partly dependent on buffer capacity. Aoki and 
Foster (10-12) investigated the electrophoretic behavior of bo- 
vine serum albumin in the pH region between 3.0 and 4.5 with 
0.2% protein solution at 0.02 ionic strength of chloride, thiocy- 
anate, and acetate. Two main boundaries were observed whose 
percentage composition varied with pH although the patterns 
obtained were fairly enantiographic at the low protein con- 
centration employed. These authors explained the anomalous 
electrophoretic behavior of bovine serum albumin at pH 4.0 as 
due to an isomerization reaction. 

Cann and Phelps (13-15) have also performed studies of the 
electrophoretic behavior of bovine serum albumin and ovalbu- 
min in low and high ionic strength acetate buffers at pH 4.0 and 
at protein concentrations of approximately 1.3%. These inves- 
tigators explain the complex nonenantiographic patterns at these 
higher protein concentrations as being due to false boundaries, 
1.e. those not due to single components, which result partly from 
the conductance and pH gradients in the electrophoresis cell but 
are also associated with the complex forming of the protein with 
the undissociated buffer acid (16). Recently, Woods (17) inves- 
tigated the electrophoretic behavior of a number of proteins 


* Aided by Grant B-285C4-5 of the United States Public Health 
Service, dealing with the general subject of ‘‘Protein Studies in 
Chronic Diseases.’’ 


including bovine serum albumin and ovalbumin in various amino 
acid buffers between pH 1.5 and 3.0. This author concluded 
from his experimental data that the boundaries obtained are not 
false boundaries of the Svensson type (18) and that the patterns 
can be interpreted qualitatively in terms of the moving boundary 
theory of weak electrolytes. 

Brown and Timasheff (4) conclude their review of this subject 
by stating, “‘It seems probable, however, that the observed elec- 
trophoretic behavior in acid pH’s is the result of the cooperative 
influence of true heterogeneity, isomerization, and the binding of 
ions and small molecules. Thus, a great deal of work remains 
to be done before this question is fully elucidated.” 

The original observation of Luetscher (19) that highly purified 
serum albumins could be separated into two or more components 
electrophoretically at pH 4.0 has been repeatedly confirmed by 
other investigators (1,2,7,9, 11). The same electrophoretic be- 
havior at acid pH is also obtained with purified albumin frac- 
tionated with the aid of mercury salts (20), as well as with crys- 
talline albumin preparations (21). Such experimental findings 
have led Hughes (22) to conclude in a review article that the 
electrophoretic patterns obtained at pH 4.0 are particularly sen- 
sitive to the ionic environment. 

It has been found by both Kendall (23) and Cohn et al. (21) 
that purified human serum albumin, obtained either by salt or 
alcohol fractionation, contains appreciable amounts of bound 
fatty acids and that these compounds are still present in signif- 
icant amounts after repeated recrystallizations. That such bind- 
ing of fatty acids to proteins has a pronounced effect on the 


electrophoretic mobility of human serum albumin at alkaline pH | 


is known from the work of Ballou et al. (24). Studies of the 
interaction of human serum albumin with long-chain fatty acid 
anions with partition analysis have recently been published by 
Goodman (25, 26) who has reviewed much of the earlier literature 
in this field. From the experimental work in this paper (26) and 
that of other investigators (21, 23), it is evident that practically 
all previous work dealing with the electrophoresis of purified 
serum albumins at acid pH has been carried out with prepara- 
tions which contain appreciable amounts of bound lipids or other 
anions. It has been suggested by Hughes (22) and Charlwood 
(9) that such bound anions, rather than true protein heteroge- 
neity, might be the real cause of the anomalous electrophoretic 
behavior of this protein at acid pH. 

The present paper deals with the effect on the electrophoretic 
patterns obtained with human serum albumin in the acid pH 
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region after lipid removal with various techniques and the sub- 
sequent effect on the nature of the electrophoretic boundaries 
obtained, of the addition of fatty acids and related substances 
which bind to albumin. 


EXPERIMENTAL 


Materials and Reagents 


1. Albumin, Human Serum—Squibb Fraction V. Lyophilized. 

2. Albumin, Human Serum—25% solution of Squibb Fraction 
V containing 0.02 m sodium caprylate and 0.02 m acetyl trypto- 
phanate as stabilizers. Squibb and Company, New Brunswick, 
New Jersey. 

3. Oleic Acid, Purified—Lot No. 17. 
tin, Minnesota. 

4. Isooctane —2,2,4-Trimethyl pentane. Spectro. grade. 
Eastman Kodak Company, Rochester, New York. 

5. Sodium Caprylate, Reagent Grade—Amend Drug and Chem- 
ical Company, Inc., New York, New York. 

6. Dodecyl Alcohol—Eastman Kodak No. 873. 

7. Sodium Acetate-Sodium Chloride Buffers (27)—Buffers of 0.04 
jonic strength were prepared containing 90% sodium chloride 
and 10% sodium acetate. The pH was then adjusted to the 
desired level with 3.5 m acetic acid before diluting to volume. 

8. Acetate Buffers—Buffers of the desired ionic strength were 
prepared by weighing out reagent grade sodium acetate and ad- 
justing to the proper pH with 3.5 m acetic acid before diluting to 
volume. 

9. Sodium Chloride-Hydrochloric Acid Buffers—Sodium chlo- 
ride, 0.1 M, was adjusted to the desired pH with 1 n hydrochloric 
acid. A Beckman model G pH meter with glass electrodes was 
employed for all the pH measurements. 


Methods 


Total Protein—The determinations were performed by the bi- 
uret method of Gornall et al. (28) with a standard serum protein 
solution which was checked with the micro-Kjeldahl procedure. 

Moving Boundary Electrophoresis—These analyses were per- 
formed with the portable Aminco-Stern electrophoresis apparatus 
with albumin samples whose concentrations were adjusted to 
2.0 + 0.2% with the appropriate buffer solution. Dialysis of 
the protein was then performed for 48 hours at 4° with two or 
more changes of buffer, followed by 4 hours of mechanical dial- 
ysis (29) just before performing the electrophoretic run at 2° with 
the technique described in a previous publication (30). 

Ether Treatment of Albumin Solutions—Procedure employed 
was essentially that of MacFarlane (31). The pH of approxi- 
mately 5% albumin solutions was adjusted to about pH 4 with 
ln HCl. A Dry-Ice-acetone bath was used to freeze the 4 to 5 
ml aliquots and the slurry was extracted at least four times with 
2 ml of ethyl ether for each extraction. The ether was then 
removed by dialysis against deionized water at 4°. 

Isooctane Treatment of Albumin Solution—Two-gram portions 
of albumin were treated at 0° in an ice bath with isooctane con- 
taining 5% of glacial acetic acid according to the method of 
Goodman (32). The treatment was carried out twice with 100- 
ml aliquots of acidified dehydrated isooctane followed by dialysis 
in the cold against deionized water. A small amount of white 


Hormel Foundation, Aus- 


low density material was removed by centrifugation. After 
dialysis the pH of the lipid-free solution was found to be 4.95. 
Deionization of Albumin Solutions—Solutions of albumin, 5%, 
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Buffer 
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B) 40 HAc-NaAc- 
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C) 42 0.04 


D) 4.4 


EFFECT OF pH VARIATION ON ELECTROPHORETIC PATTERN. 


Fig. 1. Effect of pH variation on the electrophoretic pattern of 
human serum albumin (Fraction V) at acid pH with acetate-NaCl 
buffer, 0.04 ionic strength. The apex of the V indicates the initial 
boundary of each pattern. A, pH = 3.7, protein concentration = 
2.0 g per 100 ml, EF = 8.3 volts per cm, ¢ = 3300 seconds; B, pH = 
4.0, protein concentration = 2.0 g per 100 ml, EF = 8.5 volts per 
cm, ¢ = 4500 seconds; C’, pH = 4.2, protein concentration = 2.1 
g per 100 ml, EF = 8.5 volts per cm, ¢ = 4500 seconds; D, pH = 4.4, 
protein concentration = 2.1 g per 100 ml, F = 8.6 volts per cm, 
t = 4500 seconds. 


were deionized by passage through a column containing the 
mixed-bed ion exchange resins of Dintzis (33). In some experi- 
ments, the albumin solution was passed through a series of two 
columns to test whether further material was removed. 


Effect of pH Variation in Acid Region 

The electrophoretic patterns obtained for human serum albu- 
min (Squibb Fraction V with stabilizers) in the pH region below 
the isoelectric point are shown in Fig. 1. The asymmetry be- 
tween the ascending and descending boundary, and the forma- 
tion of multiple ascending boundaries in the pH 4.0 to pH 4.2 
region noted by Miller et al. (7) at higher ionic strengths (0.20) 
with this buffer becomes even more pronounced at lower ionic 
strength (0.04). The results obtained in these experiments are 
generally similar to those reported by Cann (16) and Phelps and 
Cann (15) for bovine serum albumin in acetate-chloride buffer 
at acid pH. Miller et al. (7) reported that the resolution of 
human serum albumin into 3 or 4 ““components”’ was most clearly 
revealed between pH 4.0 and 4.4 for both the isolated albumin 
fraction and with serum. 


Effect of Variation of Protein Concentration 


The nature of the protein concentration effect in acidic buffer 
of low ionic strength is shown in Fig. 2. The protein solutions 
used to obtain these data were prepared from the 25% solution 
of Squibb Fraction V which contains caprylate and tryptophan- 
ate as stabilizers. 

In general it would be expected that the area under each peak, 
expressed as grams per 100 ml of protein, would increase propor- 
tionately with the increase in the total protein content of the 
sample. Although this is true for the first and third peaks (Fig. 
1C), the nonideal behavior of Peak 2 is clearly evident. The 
amount of protein represented by this peak increases but slightly 
with increasing protein concentration, indicating that some other 
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10 12 14 16 18 20 
Total Proteins - gr.%. 


Fic. 2. Effect of variation of the total protein (albumin) con- 
centration on the distribution of the areas under each peak ex- 
pressed as a function of the total protein (g per 100 ml). 


20 22 24 26 28 


EFFECT OF PRELIMINARY TREATMENT ON 
HUMAN -SERUM -ALBUMIN ELECTROPHORESIS. 

Fig. 3. Effect of preliminary treatment on the electrophoretic 
patterns of human serum albumin (Fraction V). A, No treat- 
ment. Barbital buffer, pH 8.6, protein concentration = 2.0 g per 
100 ml, EF = 6.5 volts per cm, ¢t = 3600 seconds; B, No treatment. 
Acetate-NaCl buffer, pH = 4.2, protein concentration = 2.2 g 
per 100 ml, EF = 8.7 volts per cm, ¢ = 4500 seconds; C’, Deionized. 
Acetate-NaCl buffer, pH 4.2, protein concentration = 2.2 g per 
100 ml, E = 8.5 volts per cm, ¢ = 4500 seconds; D, Ether treated. 
Acetate-NaCl buffer, pH 4.2, protein concentration = 2.0 g per 
100 ml, E = 8.6 volts percm,t = 4500 seconds; E, Isooctane treated. 
Acetate-NaCl buffer, pH 4.2, protein concentration = 2.0 g 
per 100 ml, EF = 8.9 volts per cm, ¢ = 4500 seconds. 


factor was operating in our system in such a manner as to limit 
the area under this peak. 
Effect of Preliminary Treatment 


It had been assumed that any stabilizers or other ions bound 
to albumin would be removed by the prolonged and intensive 
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dialysis against the buffer solution employed in our electropho- 
retic runs. In view of the results shown in Fig. 2, such a con- 
clusion appeared questionable and the possibility was then con- 
sidered that the continued presence of such bound anions might 
be a factor in effecting the electrophoretic patterns obtained in 
the acid pH region. The Squibb Fraction V albumin prepara- 
tion was then treated in several ways in order to remove such 
bound anion without denaturing the protein. Such preliminary 
treatment included passage of the albumin through a Dintzis (33) 
column, the isooctane-acetic acid treatment of Goodman (32) 
and the low temperature ether treatment of MacFarlane (31), 

Fig. 3A shows the electrophoretic patterns obtained with bar- 
bital buffer, pH 8.6, 0.1 ionic strength for the Squibb Fraction V 
albumin and Fig. 3B the patterns for the same sample in acetate- 
NaCl (90%) buffer at pH 4.2, 0.04 ionic strength. Fig. 3C dem- 
onstrates that passage of the albumin fraction through the Dint- 
zis column resulted in a considerable decrease in the area under 
the second peak but not in its complete disappearance. How- 
ever, this was very nearly achieved with either the ether treat- 
ment (Fig. 3D) or the isooctane-acetic acid procedure (Fig. 3E), 
Since the ether treatment was more conveniently applicable to 
proteins in solution and because it removed any denatured pro- 
tein as an insoluble product, it was employed in all subsequent 
experiments for the removal of lipid substances from albumin 
samples. 


Effect of Addition of Substances with High Binding A ffinities 


In view of the known high affinity of many small molecules 
including fatty acids, higher alcohols, detergents, and others, for 
binding to serum albumins, it was of interest to ascertain whether 
the addition of such materials would increase the area under the 
second peak (Fig. 1C) beyond the limiting value of Fig. 2. 

Three such materials were added to samples of Fraction V 
from which the stabilizers and other anions had been removed 
by the deionization procedure previously described. In the case 
of the caprylic and oleic acids the protein solution was first 
saturated with the fatty acid and the bag containing the prep- 
aration was then dialyzed against buffer. For the experiments 
shown in Figs. 4A2 and 4B2 an aliquot of the albumin solution 
saturated with the fatty acid was diluted with an equal volume 
of deionized albumin and then dialyzed against the buffer. In 
the case of dodecanol the albumin solution in the bag was dia- 
lyzed against repeated changes of dodecanol saturated buffer and 
then an aliquot of this solution was dialyzed against pure buffer 
so as to remove part of the bound dodecanol. 

The results obtained in these electrophoretic runs are shown 
in Fig. 4. The data demonstrate that caprylic acid, oleic acid, 
and dodecanol all had the effect of increasing the area under 
the second peak of the ascending pattern and that the extent of 
this effect is dependent both upon the amount and nature of 
the materials present at the time of electrophoresis. 


Effect of Variation of Lonic Strength 


The sodium acetate-sodium chloride buffer used in these ex- 
periments was low both in ionic strength and buffer capacity. 
It was therefore considered important to determine whether any 
factors in the ionic environment of the protein influenced the 
areas of any of the peaks at a constant protein-lipid ratio. For 
these experiments, deionized Fraction V (Fig. 3C) was utilized 
since it contained a small but significant amount of bound lipid 
so that changes due to ionic strength variation could be readily 
detected regardless of their direction. Some typical results ob- 
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tained with the electrophoresis of ‘deionized and ether treated 
albumin (Fraction V) samples at different ionic strengths in 
acetate buffer systems (without sodium chloride) and in an un- 
buffered HCl-NaCl system at the same pH and ionic strength 
are shown in Fig. 5. 

For the deionized 1 to 2% albumin samples, as the ionic 
strength increased from 0.02 to 0.10, the relative area under 
the second peak also increased. The small amount of the third 
peak present at 0.02 ionic strength (Fig. 5A1) tended to dimin- 
ish, or to coalesce with the delta boundary, upon increasing the 
jonic strength and disappeared completely at 0.10 ionic strength 
or higher. The pattern obtained with sodium chloride at 0.10 
ionic strength, pH 3.9, (Fig. 5C/) was very similar to that for 
acetate at the same ionic strength (Fig. 5B/). The results ob- 
tained at 1 to 2% protein concentration are in general agreement 
with those at 5% albumin (Fraction V) previously reported 
from this laboratory (2). At a given pH, both the protein-lipid 
ratio and ionic strength influence the area under the 2nd peak. 
That is, at constant lipid-protein ratio, the area under the second 
peak increases with increasing ionic strength, and at constant 
ionic strength, the area increases with increasing amounts of 
lipids. 

It should also be noted that preliminary treatment of the albu- 
min samples with ether to remove bound lipids results in as- 
cending patterns (Figs. 5A2, 5B2, and 5C2) in which the second 
peak is absent or very nearly so, at about a pH of 4 regardless of 
the ionic strength employed. These results are in marked con- 
trast to the 2 or more ascending boundaries usually obtained 
with the untreated albumin (Fig. 6A) in this pH region (7, 9, 11). 
In addition, as seen in Figs. 5A1 and 5A2, the removal of lipid 
by ether treatment has little or no effect on the third peak. 


Effect of Cysteine Treatment 


Keltz and Mehl (34) had isolated from rat plasma and Schmid 
(35) from human plasma, albumin fractions which gave a single 
electrophoretic boundary in pH 4.0 acetate buffer, 0.10 ionic 
strength. The latter author found that after cysteine treatment 
two peaks were obtained. It was therefore of great interest to 
us whether our preparation would behave in a similar manner 
after such treatment. 

The human albumin sample (Fig. 6A) was deionized and then 
carried through the ether treatment. The electrophoretic pat- 
tern of the treated preparation at acid pH is shown in Fig. 6B 
and that in barbital buffer at pH 8.6 in Fig.6D. Cysteine treat- 
ment of this sample followed by deionization according to 
Schmid’s technique (35) also resulted in two boundaries after 
electrophoresis in acetate buffer as is demonstrated in Fig. 6C. 
However, the phenomenon has not been investigated sufficiently 
to ascertain whether the additional boundary resulted from the 
reappearance of Peak 2, or the splitting of Peak 1. 


Effect of Oleic Acid Binding 


A more detailed study of the effect on the electrophoretic pat- 
tern at acid pH of lipid binding to the ether-treated albumin was 
now undertaken. A weighed amount of oleic acid was neutral- 
ized with sufficient sodium hydroxide to form the soap and diluted 
with water to give a final volume such that 0.10 ml gave an 
amount of oleate equimolar to 9 ml of a 2% human serum albu- 
min solution (assumed molecular weight = 65,000). The oleate 


was then added to samples of ether-treated Fraction V albumin 
which had been equilibrated with 0.10 ionic strength pH 4.0 
acetate by dialysis. The oleate and albumin were allowed to 
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EFFECT OF PRELIMINARY TREATMENT 
ON ELECTROPHORETIC PATTERN 


Fic. 4. Effect of addition of (A) caprylic acid, (B) oleic acid, 
and (C) dodecanol on the ascending electrophoretic patterns of 
human serum albumin (deionized Squibb Fraction V) in acetate- 
NaCl buffer, pH 4.2, 0.04 ionic strength. The protein concentra- 
tion of each sample was 2.0 + 0.2% and all runs were performed 
at 8.6 volts per cm for 4500 seconds. 


Buf fi 
treatnent: Vv used: 
1. Deionized HAc-Nakc 0.02 
2. Ether | HAc-Nahe 0.02 
1. Deionized HAc-Nate 0.1 
2. Ether HAc-NaAc 0.1 yr 
1. Deionized Me. HCI-NaCl 0.1 
2. Ether HCI-NaCi pe 


Fig. 5. Effect of variation in ionic strength and of different 
buffer systems on the electrophoretic pattern of human serum 
albumin (deionized Squibb Fraction V) at pH 4.0+ 0.1. A, pro- 
tein concentration = 1.9 g per 100 ml, F = 23.6 volts per cm, ¢ = 
1500 seconds; 1, Deionized and 2, ether treated. Acetate buffer, 
0.02 ionic strength; B, protein concentration = 1.9 g per 100 ml, 
E = 7.2 volts per cm, t = 5400 seconds; 1, Deionized and 2, ether 
treated. Acetate buffer, 0.10 ionic strength; C, protein concentra- 
tion = 1.3 g per 100 ml, E = 6.8 volts per cm, ¢ = 5400 seconds; 
1, Deionized and 2, ether treated. HCl-NaCl, 0.10 ionic strength. 


reach equilibrium by gentle rocking overhight at 4°. The addi- 
tion of oleate brought about no detec change in pH up to 
the addition of 0.7 ml of oleate per 9 ml ‘Of protein in buffer. 
The electrophoretic patterns obtained in pH 4 acetate buffer, 
after the addition of increasing increments of pure sodium oleate, 
are shown in Fig. 7 and reveal some interesting relationships. 
The first peak shows a gradual diminution in area with increas- 
ing amounts of oleic acid up to 4 moles per mole of albumin. 
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HAc-NaAc, pH *40 
Deionized. HAc-NaAc, pH *4.0 
Deionized. HAc-NaAc, pH =4.0 
Ether treated. p= 0.1 
Cysteine treated. 
Deionized. 
Deionized. Barbital, 
Ether treated. p=01 


Fic. 6. Effect of pretreatment of deionized human serum al- 
bumin (Fraction V) with cysteine and subsequent deionization on 
the electrophoretic pattern in acetate buffer, pH 4.0, 0.10 ionic 
strength. A, No treatment; B, ether treated and deionized; C, 
ether and cysteine treated and deionized. All determinations 
were run at E = 4.4 volts per cm for 5400 seconds except for D, 
ether treated and deionized; barbital buffer pH 8.6, 0.10 ionic 
strength, FE = 8.6, t = 5400 seconds. The protein concentrations 
were constant at 2.0 + 0.2 g per 100 ml for all these experiments. 


Y 
4 


1.0 


2.0 


D) 30 


E) 
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Fiac. 7. Effect of variation of the concentration of oleate (ex- 
pressed as moles of oleic acid per mole of albumin) on the electro- 
phoretic patterns obtained with ether-treated human serum albu- 
min (Fraction V). All determinations were performed in acetate 
buffer, pH 4.0, 0.10 ionic strength, protein concentration = 2.0 + 
0.2 g per 100 ml, F = 3.8 volts per cm and ¢t = 10,800 seconds. 


There is some indication from these patterns that the rate of 
decrease is greater for small amounts of oleic acid than for larger 
quantities. The second peak shows a continual increase in area 
with increasing quantities of oleic acid per mole of albumin. 
This increase is directly related to the decrease in the first peak. 
The variations in both peaks show a sharp break in their rate 
of change when between two and three moles of oleic acid per 
mole of albumin have been added. 

The electrophoretic patterns obtained appear to show a single 


Effect of Ligid on Electrophoresis of Albumin at Acid pH 


Vol. 235, No. 5 


peak both at very low concentrations of oleic acid per mole of 
albumin (Fig. 7A) and at very high concentrations (Fig. 7£), 
It was not possible to extend our observations on oleic acid 
binding beyond 7 moles of added oleic acid per mole of albumin 
because of the turbidity of the solutions. Addition of larger 
amounts of oleic acid did not bring about resolution into two 
boundaries even when the acid was present in amounts in excess 
of that which would bind. 


RESULTS 


‘The marked variation of the electrophoretic pattern of human 
serum albumin (Fraction V) with pH is illustrated in Fig. 1. 
The virtual disappearance of the multiple ascending boundaries 
at less than pH 3.7 (below the isoelectric point) and at pH val- 
ues greater than 4.6 (above the isoelectric point) confirms the 
findings of Miller et al. (7), for human serum albumin and of 
Aoki and Foster (11) for bovine serum albumin although our 


- experimental conditions were somewhat different from theirs. 


These differences may account for the experimental fact that 
our ascending boundaries were most clearly defined at pH 4.2 
when acetate-NaCl (90%) buffer was used as is shown in Fig. 1C. 
Aoki and Foster (11) have attributed the changes in the electro- 
phoretic pattern in 0.02 ionic strength NaCl-HCl buffer as being 
due to an isomerization reaction between a normal (N) form and 
a fast (F) form. The percentage composition of the two forms 
changed continuously with pH according to the equilibrium reac- 
tion, N + 3H+ =F. Since these authors employed a bovine 
plasma albumin prepared by the Cohn ethanol-low temperature 
fractionation procedure (36) without further purification, it is 
equivalent in lipid content to our human albumin samples and 
probably contains at least two moles of bound lipid per mole of 
protein (26,32). The data in Fig. 3 show that although the 
pattern in barbital buffer, pH 8.6, gives a single boundary (Fig. 
3A), multiple boundaries are obtained at pH 4.2 in acetate NaCl 
(Fig. 3B). However, as is seen in Figs. 3D and 3E, prior treat- 
ment with ether or isooctane to remove lipid material resulted 
in elimination of the second boundary and a slight diminution 
of the area of the third boundary in the same buffer system. 

The results in Figs. 541, 5B1, and 5C1 show that even whena 
relatively small amount of bound lipid is present, variation in 
the ionic strength influences the area under the second peak as 
has been found by Aoki and Foster (11,12) for such small anions 
as chloride, acetate, and thiocyanate as well as by anionic deter- 
gents such as dodecyl sulfate (37). The ether-treated samples 
are not effected by changes in the ionic strength at pH 4.0 over 
a wide range of values, 7.e. 0.02 to 0.10, and in different buffers 
systems as is illustrated in Figs. 542, 5B2, and 5C2. These acid 
pH ascending patterns are in fact, similar in appearance with that 
obtained in barbital buffer at pH 8.6 (Fig. 3A). The albumin 
electrophoretic patterns at acid pH were nonenantiographic 
when compared to those obtained in pH 8.6 barbital buffer. 

The data presented in Fig. 2 for the effect of protein concen- 
tration on the electrophoretic pattern confirms our previously 
reported results (2). A decrease in protein concentration does 
not change the number of boundaries formed, but does cause an 
increase in the relative percent area under Peak 2 in comparison 
with Peak 1. This change then is in the same direction as that 
produced by an increase in the bound lipid per mole of protein 
as is illustrated in Figs. 4 and 7. It was for this reason that in 
most of these experiments the protein concentration was main- 
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tained at 2.0 + 0.2% as in the case of the oleate binding data 
in Fig. 7. 

The data in Fig. 4 illustrate that not only lipids but other 
substances as well, e.g. dodecanol, which bind to albumin form a 
slower migrating boundary. From the degree of change pro- 
duced in the relative areas of the first peak to that of the second 
peak in employing a sample fully-saturated as compared to one 
half-saturated, the binding affinities of the three materials could 
be listed in decreasing order as: oleate > dodecanol > caprylate. 
The quantitative aspects of the use of this technique are clearly 
apparent from the data in Fig. 7 and confirm the findings of other 
investigators that normal human serum albumin (Cohn Fraction 
V) contains about 1 to 2 moles of bound lipid per mole of pro- 
tein (21, 26). 

Before the present investigation, work was presented from 
this laboratory suggesting that the electrophoretic patterns of 
serum albumin at acid pH were influenced by the ionic composi- 
tion of the buffer system although the pH, ionic strength, and 
protein concentration were kept constant (38). This was attrib- 
uted to the different binding affinities of the specific ions and 
their influence on the ionization of the carboxyl groups of the 
protein molecule. Charlwood (9) studied the variations in the 
electrophoretic pattern of human serum albumin produced by 
various organic buffer anions at constant pH (4.0 + 0.05), ionic 
strength (0.02), and protein concentration (2%). This inves- 
tigator concludes that the effects observed, whether or not partly 
dependent on buffer capacity, must involve specific interaction 
between buffer anions and protein and that his experimental 
evidence supports the equilibrium hypothesis of Phelps and Cann 
(4, 14-16), 2.e. P (slow) + HAc = PHAc (fast). 

From the data presented in Fig. 5, it is evident that when the 
albumin contains bound lipid, increasing the ionic strength in- 
creases the area under the second peak in relation to the first 
peak but decreases that under the third peak. Therefore 
lowering the ionic strength in acetate buffer from 0.10 to 0.02 
enhances the area under the third peak but it is still not clearly 
resolved. Addition of NaCl to an extent of 90% at the same pH 
and at even higher ionic strength (0.04) reduces the amount of 
undissociated acid present and results in a clearly defined third 
boundary as is illustrated in Fig. 3C. Removal of the second 
peak by prior ether treatment serves only to reduce slightly the 
area under the third peak which still remains clearly resolved 
from the stationary boundary. These results confirm those of 
Phelps and Cann (4, 14-16) and Charlwood (9) and are explain- 
able on the basis that this third peak constitutes a boundary 
which results from the binding of undissociated acetic acid (4, 16), 
although the extent of the binding may be influenced by the 
kind of buffer anions present in solution (9, 15). 

Schmid (35) published the preparation of a “new” form of 
albumin from human serum (Fraction VI) which was shown to 
be electrophoretically homogeneous at pH 4.0 acetate buffer, 
0.1 ionic strength. This homogeneity is lost after treatment 
with cysteine followed by deionization of the sample with ion 
exchange resins. As is illustrated in Fig. 6, our ether-treated 
sample of Fraction V albumin behaved in a similar manner. 
Since Schmid carried his albumin through a series of precipita- 
tions with heavy metal salts, the possibility exists that some 
bound fatty acid was removed during the various preparative 
states. Pending the preparation of an albumin sample with 
Schmid’s method, no further comparative tests were performed 
with the ether treated sample. 
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In a subsequent paper Schmid (39) performed a systematic 
study of the effect of organic acids and alcohols upon the electro- 
phoretic behavior of human serum albumin (Cohn Fraction V) 
at pH 4.0 and 0.1 ionic strength. He concluded that the inter- 
action between albumin and the undissociated or dissociated 
form of organic acids seems to be of primary importance in 
modifying the electrophoretic behavior of albumin at pH 4.0. 
Although our results, as illustrated in Figs. 4 and 6 are in general 
agreement with his, the albumin sample used by Schmid con- 
tained both bound lipids as well as tightly bound stabilizers. 

The data in Fig. 7 depicting the patterns obtained with in- 
creasing molar concentration of oleate per mole of human serum 
albumin are quite similar to the results obtained by Aoki and 
Foster (11) for bovine serum albumin with respect to pH varia- 
tion. An increase in the lipid to protein ratio resulted in an 
increased proportion of the slower migrating peak but the mobili- 
ties of the two boundaries remained nearly constant. When the 
moles of oleate bound per mole of albumin reached a value of 
about 5, only a single electrophoretic protein species of lower 
mobility was present in the system. 

Goodman (32) had reported that low temperature isooctane- 
acetic acid extraction of albumin caused no significant change in 
the physical or immunological properties of albumin. However, 
it should be emphasized that a small amount of lipid, 7.e. about 
0.5 mole per mole of albumin, still remains firmly bound and 
according to Kendall (23) cannot be completely removed without 
denaturing the protein. Goodman (32) found a value of 0.10 
mole of fatty acid per mole of protein after isooctane-acetic acid 
extraction but our patterns would be influenced by the binding 
of lipids other than fatty acids as is shown in Fig. 4. 

Gordon (40) found that the addition of oleate to serum at 
alkaline pH caused a linear increase in the mobility of albumin 
with increasing mole ratio up to a value of 3 or 4 to one. If one 
assumes that serum albumin already contains 2 to 3 moles of 
bound lipid per mole of albumin, then this value of the total 
bound lipid at which the mobility becomes constant is between 
5 to 7 moles per mole of albumin as compared to a value of ap- 
proximately 6 moles with our data. It is of interest to note that 
Goodman (25, 26, 32) concluded from his studies of the interac- 
tion of long-chain fatty acids with albumin, by means of partition 
analysis, that oleate binds to three classes of sites, n. = 2, 
nm = 5 +1,and n; = 20 (with a large error). This would imply 
that mainly the first two classes of sites are involved in the bind- 
ing of oleate to albumin and in producing changes in the electro- 
phoretic patterns observed in the acid pH region in acetate buffer. 


DISCUSSION 


Luetscher (19) was the first to report that crystalline human 
and horse serum albumins showed two electrophoretic boundaries 
in acetate buffer of pH 4.0 and ionic strength 0.02. When he 
applied this technique to purified albumins derived from the 
sera of such pathological conditions as nephrosis and cirrhosis 
of the liver, Luetscher (41) found a reversal of the normal ratio 
of the areas under the two peaks formed under these conditions. 

On the basis of the experimental findings reported in this paper 
it is now possible to offer a rational explanation for Luetscher’s 
results for albumins derived from both normal and abnormal 
sera based on their different lipid-albumin ratios. If one as- 
sumes that normal serum albumin contains 1 to 2 moles of bound 
fatty acid, or other lipids, as has been reported by several inves- 
tigators (21, 23,26) then an electrophoretic pattern would be 
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obtained at pH 4.0, 0.10 ionic strength acetate buffer, in which 
the area under the first peak is considerably greater than that 
under the second peak as is shown in Fig. 7C. Any increase in 
the ratio of the lipid to protein, as would be expected to occur 
where there is a large decrease in the albumin to globulin ratio 
in the disease state, would result in an electrophoretic pattern 
in which the area under the second peak is greater than that 
under the first peak as can be seen in Fig. 7D. The application 
of these findings to the study of albumins isolated from the sera 
of patients with various chronic diseases is presently under in- 
vestigation. 

The pronounced variability of the second peak obtained in the 
low ionic strength electrophoresis of purified albumin samples in 
the acid pH region (Fig. 3B) has been observed over a 5-year 
period. Differences in the area under this peak were not only 
obtained with various human albumin samples but also with 
albumin from different mammalian species (2). The data in 
Figs. 3C, D, and E show that this boundary is partially removed 
by deionization and is almost completely removed by lipid ex- 
traction at low temperature with ether or isooctane. From these 
results one would expect an increase in the area under the second 
boundary to occur whenever additional substances which bind 
are added to an albumin preparation or when the albumin is 
isolated from serum with a high lipid to protein ratio. The ad- 
dition of stabilizers such as sodium caprylate or sodium acetyl- 
tryptophanate to albumin solutions, which are not readily re- 
moved by dialysis, would result in an increased second boundary 
as compared to the same sample run without added stabilizers. 
The results obtained in our previous publication (2) showing 
marked differences in the area under the second boundary for 
different animal albumins is explainable on the basis that human 
serum has the highest lipid to protein ratio of the species tested. 
In partial confirmation of this finding, Burstein and Samaille (42) 
have reported that the 8-lipoprotein level of human serum is 
much higher than in most animals. 

The experiments in this paper demonstrate a profound effect 
of bound fatty acids and higher alcohols on the electrophoretic 
behavior of human serum albumin in acetate buffers and in 
NaCl-HCl at pH 4.0. As in the case of bovine serum albumin, 
the electrophoretic patterns of human serum albumin (Fig. 3B) 
in 0.04 ionic strength acetate buffer (90% NaCl) reflect two types 
of interaction of the protein with acidic media: (a) isomerization 
and (6) interaction with undissociated buffer acid. In contrast, 
only the isomerization reaction is observed in 0.1 mM sodium 
acetate buffer and in 0.1 m NaCl-HCl (Figs. 5B and C). It can 
therefore be concluded that whereas bound fatty acids and higher 
alcohols exert a pronounced effect upon the isomerization reac- 
tion, they seem to have a relatively small effect on the interaction 
of the protein with undissociated buffer acid. 

The data in Fig. 7 depicting the patterns obtained with in- 
creasing molar concentration of oleate per mole of human serum 
albumin are quite similar to those described by Aoki and Foster 
(11) for bovine serum albumin with respect to pH variation. 
One possible explanation of these data is that the protein solu- 
tion is an equilibrium mixture of the type P = P", the equilib- 
rium position depending upon the amount of oleic acid bound. 
In that event, the slow peak might represent P and the fast peak, 
P'. At low oleic acid to albumin ratio, the protein is largely in 
the form P! (Fig. 7A); at high ratios, the protein existing largely 
in the form P (Fig. 7Z). It is conceivable that at any given 
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oleic acid to albumin ratio, both isomeric forms contain the same 
mean amount of bound oleic acid. The theory of isomerization 
equilibrium and electrophoresis of Cann et al. (43) predicts that 
for a simple, unimolecular, isomerization reaction, two moving 
boundaries will be observed for times of electrophoresis less than, 
or of the order of, the half-time of the reaction. For longer 
times of electrophoresis a single moving boundary of intermediate 
mobility should be observed. However, it has shown by Gilbert 
and Jenkins (44) that separation into two boundaries may occur 
even if the reaction is very rapid. Cann (4) has recently offered 
an explanation for the nonenantiographic nature of the electro- 
phoretic patterns based upon the formation of a complex of 
higher mobility between the protein and undissociated buffer 
acid, e.g. PHAc, and the differences in the readjustment of the 
equilibrium mixture when it moves into the protein solution in 
the descending limb as compared to its movement into buffer in 
the ascending limb. 

The separation of bovine or human serum albumin into two or 
more discrete fractions by means of column chromatography has 
been reported by several investigators (45-47). The role which 


the bound lipids and buffer acids may play in the production of 


such discrete fractions is presently under investigation. 


SUMMARY 
1. Human serum albumin (Cohn Fraction V) prepared by low 


- temperature ethanol fractionation gives a single electrophoretic 


boundary in barbital buffer, pH 8.6, 0.10 ionic strength (4) but 
not in the acid pH region. Two ascending boundaries are ob- 
tained in pH 4.0 acetate buffer, 0.10 u and three boundaries in 
acetate-NaCl (90%) buffer at pH 4.2, 0.04 uw (exclusive of the 
stationary or delta boundaries). There is marked asymmetry 
between the ascending and descending boundaries. 

2. Removal of lipid from the albumin preparation by means 
of ether or isooctane-acetic acid extraction at low temperature 
yields samples which give a single ascending boundary in both 
0.10 uw acetate (pH 4.0) and barbital (pH 8.6) buffer systems. 
Two boundaries are still obtained with 0.04 u acetate-NaCl (90%) 
buffer but the slowest moving boundary results from the influence 
of the binding of buffer acids to the protein. 

3. In acetate-NaCl buffer, pH 4.2, 0.04 yw, an increase in albu- 
min (Fraction V) concentration causes a corresponding increase 
in the relative areas under the first and third peaks but that 
under the second peak remains constant. The first two peaks 
in these patterns appear to arise as the result of an isomerization 
reaction (P = P") which is sensitive to bound lipids. 

4. When 0.10 uw acetate buffer is used to eliminate the third 
boundary, then the addition of dodecanol, caprylic, or oleic acids 
to ether-treated albumin (Fraction V) causes the second boundary 
toreappear. The increase in the area under the slower boundary 
(P) and the decrease under the faster first boundary (P") is di- 
rectly proportional to the moles of lipid (oleate) bound per mole 
of albumin. At a molar ratio of about 5.0, all the albumin is 
present as the isomeric form P which migrates as a single elec- 
trophoretic boundary. 

5. Deionization of the albumin (Fraction V) preparation by 
passage through an ion exchange resin column (Dintzis) serves 
to eliminate most but not all of the second peak (P) as a result 
of a shift in equilibrium upon removal of lipids. At a constant 
lipid-protein ratio, the area under the second peak increases with 
increasing ionic strength in acetate buffer, pH 4.0. When an 
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ether-treated albumin sample is used, a single ascending 
boundary is obtained regardless of the variation in the ionic 
strength, 7.e. from 0.02 to 0.10. 

6. The ether-treated albumin (Fraction V) preparation resem- 
bles the “‘new”’ kind of albumin prepared by Schmid (35) from 
Cohn Fraction VI by precipitation with heavy metal salts in that 
it gives a single peak during electrophoresis in pH 4.0 acetate 
buffer, 0.104 and in that after treatment with cysteine and de- 
ionization, two peaks are obtained. 

7. The electrophoretic patterns of human serum albumin in 
0.04 ionic strength acetate buffer (90% NaCl) reflect two types 
of interaction of the protein with acidic media; (a) isomerization 
and (b) interaction of undissociated buffer acid. In contrast, 
only the isomerization reaction is observed in 0.1 M acetate buffer 
and in 0.1 mM NaCl-HCl. It can be concluded from this study 
that, whereas bound fatty acids and higher alcohols exert a pro- 
nounced effect upon the isomerization reaction, they seem to 
have a relatively small effect on the interaction of the protein 
with undissociated buffer acid. 
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Twenty years ago, perhaps because of the emphasis on the 
newly discovered phosphorolytic pathway of glycogen break- 
down, statements were found in the literature (1, 2) that the 
liver cell contains no “active diastase” and that the diastatic 
activity of liver extracts is due solely to blood remaining in the 
organ. Recent calculations in this laboratory (3) from liver and 
serum amylase levels and extracellular fluid fractions in the rat 
have indicated that at least some of the amylase must be intra- 
cellular. Roe et al. (4) reported that under certain conditions 
the liver may contain 5 to 10 times as much amylase activity as 
can be accounted for by the blood in the organ. There were also 
reports that damage to the liver of an animal is followed by a 
marked decrease in serum amylase (5) and in human subjects 
with cirrhosis and hepatitis (6, 7), the serum amylase levels were 
below normal. These data, along with the conclusion that an 
extrapancreatic, extrasalivary source of amylase must exist (3), 
have led us to investigate further the problem of amylase in the 
liver. 

Liver cells free of blood and interstitial fluid were prepared in 
an isolated suspension and were found to contain amylase. Pro- 
duction of liver damage in rats by carbon tetrachloride or N- 
nitrosodimethylamine (8) lowered serum, whole liver, and iso- 
lated liver cell amylase levels. There were indications that 
amylase was produced in the liver cells and did not gain entrance 
simply by diffusion from extracellular fluid. 


EXPERIMENTAL 


Amylase analyses of the sera, livers, and kidneys of the ani- 
mals used were carried out with Van Loon’s amyloclastic method 
(9) as previously described (3) unless otherwise noted. 

The animals used in these experiments were Sprague-Dawley 
white rats, dogs and cats of several varieties obtained from the 
university animal center, and New Zealand white rabbits. Tis- 
sues and blood of hogs and cows were obtained from a local 
abattoir. 

Blood was collected from the tails of rats under ether anes- 
thesia. The livers and kidneys were freed of blood by perfusing 
the whole animal with ice-cold (5°) Ringer’s solution! introduced 


* This work was taken from the thesis submitted by Betty Ann 
Potter to the University of Louisville in partial fulfillment of the 
requirements for the degree of Master of Science and was sup- 
ported by research grants (C-2601 C and C2 and A-2610) from the 
National Cancer Institute and the National Institute of Arthritis 
and Metabolic Diseases, National Institutes of Health. A pre- 
liminary report was presented before the Division of Biological 
Chemistry of the American Chemical Society at its 134th Meeting, 
Chicago, September 1958. 

1 The Ringer’s solution used contained 81.0 g of NaCl, 3.78 g of 
KCl, 2.16 g of CaCl., and 2.7 g of NaHCO; dissolved in 9 liters of 
distilled water. 


into the left ventricle of the beating heart and allowing the blood 
and perfusing fluid to flow out of the opened right auricle. Per- 
fusion was continued (about 10 minutes) until there was no 
further change in the color of the blanched liver. The liver and 
kidneys were removed, and pancreatic tissue was carefully dis- 
sected away. ‘Those portions of the organs to be used in pre- 
paring isolated cell suspensions were not frozen but kept at 2°. 
Portions for whole tissue analysis were frozen when kept over- 
night. In dogs and cats, the livers were perfused with Ringer’s 
solution as completely as possible. In other species the organs 
were used as removed from the animals which had been bled to 
death. 

In rats whose livers were to be damaged, normal blood for se- 
rum amylase determinations was first obtained. These rats, 
weighing 350 to 400 g, were given 0.2 ml of (Baker’s analyzed 
reagent) carbon tetrachloride orally by stomach tube, flushing 
the tube with 2 to 3 ml of water. This procedure was repeated 
at 2- to 3-day intervals. In order to produce maximal liver 
damage it was necessary to treat the animals for 3 to 4 weeks. 
Where N-nitrosodimethylamine (specially prepared by Eastman 
Organic Chemicals) was used, the method of administration was 
the same and extensive liver damage was produced in 1 week by 
10 mg (30 mg per kg) doses given every 2 days. 

The chilled liver or kidney tissue for isolated cell preparations 
was minced with scissors and then placed in a Lucite press de- 
signed by Dr. R. Duncan Dallam (10), similar in design to that 
described by Lata and Reinertson (11). The tissue was gently 
pressed through a 10-mesh (10 to the inch) stainless steel wire 
screen (20 mm diameter), and washed through with small quan- 
tities of cold Ringer’s solution. The press was dismantled, 
cleaned, a 20-mesh screen inserted, and the slurry of liver cells 
and tissue obtained from the first operation was pressed through 
this screen. The process was repeated with screens of 30, 50, 
and 60 mesh, obtaining a suspension of broken liver cells, intact 
cells, a few erthrocytes and a very few small clumps of liver 
cells. This suspension was centrifuged in an International Cen- 
trifuge, clinical model, at 1500 r.p.m. for 15 minutes at 2°, the 
supernatant discarded, the cells resuspended in Ringer’s solution, 
and again centrifuged. After five or six such washings, the cells 
were centrifuged at 3000 r.p.m. for 10 minutes to pack them 
tightly. A small amount of each preparation was dispersed in 
cold Ringer’s solution and examined under the microscope. The 
preparation at this point was usually chiefly whole liver cells 
with very few clumps, red blood cells, or broken cell fragments. 
If not, the preparation was resuspended, washed, and centrifuged 
again until broken fragments were removed. Over-all yields of 
cells from whole liver were about 10%. 

With rat and dog isolated liver cells, the following experiments 
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were performed: Appropriate dilutions of the cells with 0.9% 
NaCl solution were homogenized with the use of a Dounce glass 
homogenizer (12) and the suspensions centrifuged for 10 minutes 
at 1500 r.p.m. in the International clinical centrifuge. The pre- 
cipitate was washed with 0.9% NaCl, resuspended in 0.9% NaCl, 
and analyzed for amylase. After its amylase activity was deter- 
mined, the supernatant fluid was dialyzed in a Visking cellulose 
bag against running distilled water for 16 to 18 hours at 4°. At 
the end of this time, tests of both the dialyzed solution and the 
dialysate with silver nitrate solution indicated complete removal 
of chloride ion. The chloride-free mixture in the dialysis bag 
was centrifuged to remove the material which precipitated during 
the dialysis and the supernatant fluid was analyzed for amylase, 
first without the addition of NaCl, and then after adding sufh- 
cient 10% NaCl to restore the NaCl concentration to 0.9%. The 
sediment was washed with distilled water, redissolved in 0.9% 
NaCl, and also analyzed for amylase. 

Isolated rat liver cells whose amylase content had been deter- 
mined were incubated in rat saliva diluted with 0.9% NaCl so 
that the amylase content of the diluted saliva was still many 
times that of the cells. At intervals (Table IV), portions of the 
suspension were removed, the cells washed free of excess saliva 
with 0.9% NaCl, and their amylase content determined. 

Isolated rat liver cells from both normal and liver-damaged 
animals were homogenized and fractionated centrifugally accord- 
ing to the method of Schneider and Hogeboom (13) into nuclei, 
mitochondria, microsomes, and supernatant, and the amylase 
content of each fraction was determined. 

The amylase contents of the sera, pancreas, and livers of new- 
born rats were determined at daily intervals. From newborn 
litters, one baby rat was killed each day until all litter mates were 
used. The mother rat was killed and her tissues analyzed in 
like manner. 

The electrophoretic behavior of rat serum amylase was deter- 
mined with the use of a Spinco model R paper electrophoresis 
apparatus, following the procedure previously described (14). 
Both normal sera and that from a rat whose liver was damaged 
by nitrosodimethylamine were used. 

The activity of amylase from the isolated liver cells of rats 
was measured in the pH range 6.4 to 8.2, with 0.02 m phosphate 
buffers from pH 6.4 to 7.2 and 0.02 m Veronal buffers from pH 
7.4 to 8.2. 


RESULTS 


The results in Table I clearly indicate that there was amylase 
in the liver cells isolated from the rat, dog, and other animals. 
In order to test the possibility that this amylase might be merely 
adsorbed on the outer surface of the cells, isolated cells were 
washed several times with 0.5% starch solution. None of the 
amylase associated with the cells was eluted by this procedure as 
should have been the case if the amylase were adsorbed on the 
cells. When the livers in rats (Table II) were damaged, the 
serum and liver amylase levels of these animals both dropped well 
below normal levels. 

The actual amount of amylase in the liver was small compared 
to the pancreas and saliva. Assuming that rat liver amylase 
had the same activity per unit weight as hog pancreatic amylase, 
it was possible to calculate the amount of amylase in the rat 
liver. Our measurements have indicated that 1 mg of crystalline 
hog pancreatic amylase equaled 2000 Van Loon (or Somogyi) 
units. A rat liver weighing 10 g whose amylase activity was 2000 
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TABLE I 
Amylase activities of sera, livers, and kidneys of normal animals 


The amylase values given are the average for the determinations 
ineachcase. The number of animals used is given in parentheses. 


| Amylase units/100 ml] serum or 100 g tissue 


| | Liver Kidney 
Serum 
Whole | | Whole* | Jsolated 
Rat (9) 3100 2160 1180 810 150 
Dog (9) 820 870 320 680 160 
Rabbit (3) 230 410 210 480 250 
Hog (3) 950 SSO 340 720 190 
Cat (3) 1020 900 580 550 160 
Cow (2) 40 500 190 230 90 
Guinea Pig (2) 3000 2000 750 2160 170 


* Perfused as described. 


units per 100 g (see Table I) would contain a total of 0.1 mg of 
amylase and the isolated cells from this liver about 0.05 mg. 
However, it should be noted that this can only be an estimate 
since the assumption that rat and hog amylases have the same 
activity per unit weight may not be valid. In fact, it has been 
shown (14) that human salivary amylase has a higher specific 
activity than hog pancreatic amylase. 

In the rat and cat, serum amylase levels were uniformly higher 
than those of the whole liver but in the dog and hog, liver and 
serum amylase levels were almost equal. In the rabbit and cow, 
whole liver amylase was definitely higher than the serum amylase. 
In the isolated, washed liver cells of all animals, the amylase level 
was lower than that one would predict for isolated cells from 
whole liver amylase levels and extracellular fluid values (3). 
This indicated that amylase activity had been lost from the liver 
during the isolation procedures and therefore the values reported 
here for intracellular liver amylase must be regarded as minimal. 

The amylase content of cells isolated from the livers of rats to 
whom nitrosodimethylamine had been administered was dras- 
tically lowered from the normal as was the serum amylase. In 
rats to whom carbon tetrachloride was administered, the liver 
cell and serum amylase were also lowered but not as much as 
after the administration of the nitrosodimethylamine. In our 


TABLE II 
Amylase in sera, livers, and kidneys of rats with liver damage 


The number of animals used in each case is given in parentheses 
except for the determinations listed in the last column. 


| Amylase units/100 ml serum or 100 g tissue 


Si datioielins Serum amylase | Liver amylase Kidney amylase 
Before After Isolated) y- Isolated 
Whol Whole}"?- 

iment | mene | liver | [kidney| Kidney 

Carbon tetrachloride (5) | 3160 | 1830 | 1450 | 760 | 670 
N-Nitrosodimethyl- | 3480 = =890 | 1000 | 460 | 680 | 250* 

amine (17) | 

Normal (9) | 3100 | 2160 1180 | 810 | 150T 


* For eight animals. 
+t For three animals. 
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TaBLeE IIT 
Fractionation of amylase of isolated liver cells by homogenization, 
centrifugation, and dialysis 
The number of animals used in each case is given in parentheses. 


Amylase units/100 g tissue 


Liver Amylase 


Liver amylase 
Isolated cells 
Homogenized and centrifuged* 
Dialyzed supernatant 
Whole liver 
before Precipi- 
homog: Super- 

nizing {Sediment} natant No | NaCl | redis- 

NaCl | added | solved 

NaCl 

Rat (5) 2210 280 430 655 25 420 330 
Dog (5) 1130 200 240 220 20 120 300 


* 1500 r.p.m. in the International clinical centrifuge, about 
700 X g. 


TaBLe IV 


Distribution of amylase in cytoplasm and particulate fractions of 
isolated rat liver cells and whole rat liver 


Amylase units/100 g tissue 
Fraction 

Whole liver Isolated cells 
Nuclei 215 139 
Mitochondria 186 144 
Microsomes 189 78 
Cytoplasm (supernatant) 975 121 
Total of all fractions - 1565 482 
Whole homogenate 2075 900 


TABLE V 


Exposure of isolated rat liver cells to high concentrations of rat 
salivary amylase 
The ratios given are amylase in the surrounding medium to 
original liver cell amylase. The values given in parentheses are 
for the same liver cells which were suspended for the indicated 
time in 0.9% NaCl alone. 


Amylase units/100 g cells 
Time of exposure Liver cell amylase 
10:1 50:1 
min 
0 1130 1180 
15 990 
30 1030 
60 980 (940) 1150 
120 1160 
180 1290 (1320) 


hands replicate determinations of the amylase activity of a given 
sample will vary 3 to 5%. With variations of 20 to 25% be- 
tween animals of a given species for the amylase level of a given 
organ or tissue, no significance should be attached to differences 
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in the averages of amylase levels of only 10 to 15%. However, 
there can be little doubt that the 40% decrease from the norma] 
in serum amylase, 33% decrease in whole liver amylase, and 35% 
decrease in liver cell amylase in rats with carbon tetrachloride 
poisoning were significant and there is no doubt of the signifi- 
cance of the corresponding decreases of 75, 55, and 60% in rats 
with nitrosodimethylamine poisoning. 

When the isolated washed liver cells of the rat and dog were 
broken up in the Dounce glass homogenizer (Table III), part of 
their amylase activity remained bound to the particles (debris 
and cell membranes) that could be removed by centrifugation at 
speeds which leave the nuclei and other cytoplasmic particulates 
in suspension. Dialysis of the supernatant against distilled 
water caused precipitation of part of the protein and the amylase 
activity was diminished by at least 95%. When sodium chloride 
was added back to the dialysate, the amylase activity was re- 
stored. When the activity of the liver cells was measured with- 
out first homogenizing the cells and under conditions in which 
the cells were not lysed, appreciable activity was found. Frac- 
tionation of the liver cells into nuclei, mitochondria, microsomes, 
and soluble fractions followed by analysis of each fraction indi- 
cated that amylase was distributed almost equally throughout 
the fractions (Table IV). If whole liver was used a much higher 
level was seen in the supernatant. Also, the values in each par- 
ticulate fraction from whole liver were somewhat higher than 
the corresponding values from liver cells indicating some loss of 
amylase from the cells during the isolation procedure. 

When isolated rat liver cells were suspended in rat saliva di- 
luted with 0.9% NaCl and allowed to stand for periods up to 3 
hours (Table V), there was no evidence of entry of amylase into 
the cells. This was the case despite the fact that the ratio of 
amylase in the diluted saliva to that in the.cells was varied from 
10:1 up to 50:1. 

It was found that, in contrast to the distribution in human se- 
rum (15), in normal rat serum the bulk of the amylase was asso- 
ciated electrophoretically (Table VI) with the B- and y-globulin 
fractions. In a rat with liver damage produced by nitrosodi- 
methylamine whose serum amylase was well below normal, the 
amylase of the B- and y-globulin fractions was markedly lowered 
compared to the lowering in other fractions. 

In newborn rats amylase was found in the liver at birth and 
remained essentially constant or perhaps increased slightly with 
time during the first week of life. The level of liver amylase 
was actually higher in the young than in their mothers whereas 
the serum amylase levels of the mother rats were higher than 
those of their young. The pancreatic amylase of the young was 
in all cases lower than that of the mother. In one dog fetus 


TABLE VI 


Distribution of rat serum amylase in electrophoretic fractions of 
serum proteins 


Amylase units/100 ml serum 

Serum fraction 
Normal* 

Albumin 131 92 
a,;-Globulin 158 47 
ae2-Globulin 122 92 
B-Globulin 620 145 
y-Globulin 345 47 


* For three animals. 
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which had almost come to term, the serum and liver amylases 
were equal. 

Determinations of the variation in rat liver amylase activity 
with pH indicated that the optimum pH is 7.0 but that the curve 
is quite broad with almost the same activity as the optimum 
found between pH 6.6 to 7.8 (15). This optimum is the same 
as that for rat serum amylase but the curve is somewhat broader 
at the top. 

Amylase (250 units per 100 ml) was found in the bile formed 
by an isolated rat liver being perfused with heparinized rat blood. 


DISCUSSION 


The data presented here substantiate our previous conclusion 
(3) that at least a part of the amylase found in liver must be 
intracellular. Although apparently some of the intracellular 
amylase is lost during the process of isolating the liver cells, it 
seems unlikely that that which remains could be merely adsorbed 
on the outer surface of the cell. In the presence of high external 
amylase concentrations, the liver cells showed no tendency to 
adsorb amylase. However, some of the amylase in the isolated, 
washed liver cells seemed to be bound to the cell membrane. 
Amylase activity was seen when the whole unbroken cells were 
exposed to starch solution indicating that amylase was present 
on the exterior surface of the cell or that starch was penetrating 
the cell wall, the second an unlikely possibility. Furthermore, 
when the cells were homogenized and the debris and cell mem- 
branes removed by centrifugation, these fragments contained 
amylase activity that could not be removed by washing. 

When the supernatant fluid from such homogenates, which 
contained appreciable amylase activity (Table III) was dialyzed 
against distilled water, the amylase activity was almost com- 
pletely lost. This activity, however, was completely restored 
when sufficient sodium chloride was added back indicating that 
the observed amyloclastic activity was indeed due to amylase 
and not phosphorylase, transglucosylase, or amylomaltase which 
have no chloride requirement. 

Though variations between species in the ratio of serum to 
liver amylase were found, liver cells from all species studied con- 
tained amylase. In rats poisoned by carbon tetrachloride or 
nitrosodimethylamine, the amylase content of the liver and iso- 
lated liver cells dropped to levels far below the normal as one 
would expect if amylase synthesis in that organ were inhibited. 
On the other hand, the amylase contents of kidney and kidney 
cells, which were quite low compared to liver cells, were dimin- 
ished very little or not at all in nitrosodimethylamine-treated 
rats. The differences seen in the last column in Table II were 
not considered significant. Magee (16) has shown that nitro- 
sodimethylamine interfered with the uptake of radioactive amino 
acids by the proteins of liver cells and that its effect on animals 
was remarkably specific for the liver. Our gross observations on 
the organs of rats at autopsy confirm Magee’s findings. 

If the amylase content of liver cells were merely derived from 
amylase of the surrounding fluids one should have seen an in- 
crease in the liver cell amylase when the cells were incubated 
with very high amylase levels in the surrounding medium. This 
was not the case. The amylase content of the cells in these cases 
remained essentially constant. It is true that we cannot be sure 
that the permeability of the isolated liver cells is the same as for 
these cells in vivo so that one must interpret these results with 
some caution. However, since the isolated liver cells would 
probably be more permeable than the same cells in vivo, not less 
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permeable, we feel that the lack of uptake of amylase by these 
cells under our conditions indicates that the cells in vivo would 
also probably not allow the amylase to enter. Furthermore, we 
have previously shown by immunological techniques (17, 18), 
with both rabbit and rooster antisera to hog pancreatic amylase 
and rabbit antisera to human salivary amylase, that liver amylase 
is different from pancreatic and salivary amylases and therefore 
could not have had its origin in the pancreas or salivary glands. 
For these reasons and those stated above, we feel that the amyl- 
ase found in liver cells is produced in the liver and disagree with 
Lee and Richter (19) who did find amylase in the liver cells of 
the rabbit, guinea pig, and lamb but regarded it merely as traces 
of pancreatic and salivary amylases which had diffused into the 
blood and throughout the system. 

What role, if any, the amylase in liver may play has not been 
determined although some possibilities have been proposed. 
Smith (20), on the basis of studies of changes in blood amylase 
during glycogen formation stated that, if amylase has a function 
in carbohydrate metabolism in the liver, its action probably 
occurs during glycogen synthesis. Bernfeld? and others (21) 
have pointed out that during glycogen synthesis, if only phos- 
phorylase and the branching enzyme were active, the glycogen 
content could increase only by adding glucose residues to the 
ends of the molecules extant. Since glycogen molecules do not 
grow to indefinitely large sizes, some mechanism for breaking 
off new primer particles must exist. It was proposed that amyl- 
ase may fulfill such a function. Dreiling et al. (22) have also 
suggested that liver amylase may participate, toa limited extent, 
in glycogenolysis. 

Since the chloride content of the intracellular fluid is quite low, 
intracellular amylase would have a low activity. However, we 
have found that in dialyzed liver cell homogenates in which no 
chloride can be detected by the silver nitrate test, some amylase 
activity is still seen. It is thus possible that limited hydrolysis 
of glycogen may occur and provide the oligosaccharides neces- 
sary to start new glycogen molecules. 


SUMMARY 


It has been shown that amylase was found in the isolated, 
washed, liver cells of several species of animals studied. Part of 
the amylase was bound to the cell membrane and part found in 
the cytoplasmic supernatant derived from homogenized cells. 
The serum, whole liver, and isolated liver cell amylase levels of 
rats were lowered by producing liver damage, especially with 
nitrosodimethylamine. The liver cell amylase had a definite 
chloride requirement, typical of all mammalian amylases. Sus- 
pension of liver cells in saliva containing high amylase concen- 
trations did not alter their amylase content. 

It is believed that amylase is synthesized in liver cells and a 
possible role for such amylase in glycogen synthesis is discussed. 
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Substituted cellulose ion exchange columns have been used for 
the fractionation of serum proteins and for the purification of a 
number of enzymes from various sources (1, 2). Furthermore, 
the distribution of proteins among fractions of the soluble portion 
of liver has been studied extensively by electrophoretic and 
ultracentrifugal techniques (3-6). Such methods are valuable 
for broad surveys and for the comparison of enzymes, or proteins 
in general, in normal and in altered tissues, such as cancerous 
and precancerous tissues. Evidence has been obtained recently 
that the same enzyme may exist in several separable forms within 
the same tissue (7-11). These methods could also be used to 
investigate multiple forms of the same enzyme, and the states 
of enzymes as they exist in the supernatant fractions of tissue 
homogenates. 

This paper will show that the study of soluble proteins of liver 
homogenates may be approached by use of cellulose anion ex- 
change chromatography. Enzyme activities can be localized 
in the various protein fractions and their characteristic and 
reproducible patterns of distribution demonstrated. 


METHODS 


Preparation of Extracts—Normal Sprague-Dawley rats, 200 
to 250 g, were decapitated and the livers perfused with 0.25 m 
sucrose by way of the aorta. All further operations were carried 
out at 2-4° unless otherwise stated. The livers were weighed, 
homogenized in 2 volumes of 0.25 m sucrose with a Teflon pestle 
homogenizer, and the homogenate was centrifuged at 20,000 x g 
for 3 to 4 hours. The clear supernatant fluid was dialyzed for 


2 hours against 2 liters of 0.005 m Tris-phosphate, pH 8.0, and 


immediately applied to the chromatography column. There was 
evidence that freezing and thawing of the extract resulted in 
slight alterations in chromatographic patterns and, therefore, 
the supernatant fluids were used unfrozen. 

Preparation of Columns—The anion exchanger, DEAE-cel- 
lulose (12) (Distillation Products Industries) required further 
purification to remove yellow ultraviolet-absorbing material. 
Twenty grams of the DEAE-cellulose were washed with 1 liter 
of 1x NaOH, followed by water to neutrality, then ethanol, and 
finally ether. The product was dried at room temperature and 
suspended in the starting buffer to give a 2% suspension, which 
was adjusted to pH 8.0. The DEAE-cellulose had an exchange 
capacity of 1.00 + 0.05 meq per g. 

The columns were packed at 10 pounds per square inch, as 
described by Peterson and Sober (1), to a depth of 30 cm in 1.1 
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cm inside diameter tubes with fritted glass bottoms. They were 
then washed at least 20 hours with 0.005 m Tris-phosphate, pH 
8.0, at a flow rate of 12 to 15 ml per hour, before they were used. 

Elution of Columns—Two hundred to 250 mg of dialyzed solu- 
ble rat liver proteins in a volume of 20 ml, which represented one 
rat liver, were applied to the column and allowed to soak in by 
gravity. Fractions were collected when the protein was first 
applied to the column. After all the extract had entered, 5 to 
10 ml of 0.005 m Tris-phosphate, pH 8.0, were used to wash down 
the column, which then was eluted with 120 to 150 ml of the 
same buffer in order to remove unadsorbed and loosely adsorbed 
material. The remaining material was then eluted by a parabolic 
chloride gradient developed by a modification of the methods 
described by Peterson and Sober (13). Three open 250 ml 
Erlenmeyer flasks were connected in series by means of tubes at 
their bottoms as shown in Fig. 1. Flasks 1 and 2, which were 
magnetically stirred, each contained 200 ml of the starting buffer 
(0.005 m Tris-phosphate, pH 8.00 + 0.03), and Flask 3, 200 ml 
of the limit buffer (1.0 m sodium chloride, 0.05 m sodium phos- 
phate, pH 6.50 + 0.03). Values of pH were determined at room 
temperature. 

It was verified by chloride titration that the chloride concen- 
tration of the effluent from the reservoirs (C) bears the following 
relationship to the limit concentration (C9), the volume of effluent 
(V), and the total volume of the flasks (Vo) (13): 


C = Co(V/Vo)? 


Fractions were collected at 20-minute intervals and the vol- 
umes varied from approximately 3 ml at the beginning to approxi- 
mately 5 ml at the end of elution. Volumes of fractions were 
measured by comparing the levels in the tubes with a calibrated 
tube; when these volumes were summed over the entire chroma- 
togram the result always agreed within 2% of the actual volume 
used to elute the column. 

Treatment of Fractions—Protein content in each fraction was 
measured by the method of Lowry et al. (14), with serum as a 
protein standard. Absorbancy at 260 and 280 mu was measured 
and in addition certain regions containing heme proteins were 
measured at 413 mu. The pH of each fraction was also taken. 
Within 8 hours after each fraction appeared, an aliquot was 
pipetted into a small tube containing enough 1 M 2-mercapto- 
ethanol to give a final concentration of 0.01 m. This was found 
necessary in order to protect certain enzyme activities from rapid 
inactivation. The 2-mercaptoethanol was added after the 
chromatography since it interferes in the protein determination. 

Enzyme Actwity Measurements—Preliminary columns were 
run and the fractions were screened for all the enzyme activities 
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in order to stabilize the enzymes. Table I shows the conditions lites 
employed for each enzyme activity determination. All enzyme 
activities were shown to be linear with respect to concentration | °°!" 
of enzyme under the conditions used with the exception of glycer- seri 
aldehyde-3-P dehydrogenase. However, recoveries were not 0.01 


calculated for this enzyme, since its activity could not be meas. T 

ured in the extract due to the presence of a-glycerophosphate fore 

dehydrogenase. 

Sources for substrates and other reagents were as follows:| Y 

to column DPN+, TPN+, DPNH, TPNH, disodium glucose-6-P, sodium itat 


Fic. 1. System for developing the parabolic chloride gradient. 6-phosphogluconate, L-alanine, a-ketoglutaric acid, L-aspartie and 


Flasks 1 and 2 each contain 200 ml of 0.005 m Tris-phosphate, pH 
8.0, and are magnetically stirred. Flask 3 contains 200 ml of 1.0 Cid, phenolphthalein §-glucuronide, and Tris, from the Sigma 


mM NaCl, 0.05 m sodium phosphate, pH 6.5. Chemical Company; DL-isocitric acid lactone, D-glyceraldehyde, 

L-malic acid, cyclohexylamine salt of dihydroxyacetone phos. cxac 
in order to obtain an approximate localization. In subsequent phate dimethylketal, dioxane complex of pL-glyceraldehyde-I- 
columns, only the necessary fractions were assayed for each bromide 3 phosphoric acid, from California Corporation for Bio- 
activity. All enzyme activity determinations were performed chemical Research; fructose 1,6-diphosphate, from Schwarz 
in total incubation volumes of 50 to 200 wl. Volumes were Laboratories; sodium pyruvate, from General Biochemicals; 2. of se 
measured in Lang-Levy constriction pipettes (15); optical den- amino-2-methyl-1-propanol and 2-amino-2-methyl-1 ,3-propane- a nu 
sities were measured in microcells (16) (Pyrocell) in a Beckman diol from Distillation Products Industries (the 2-amino-2-methyl- peak 
DU spectrophotometer equipped with a photomultiplier, and in 1,3-propanediol was recrystallized from ethyl acetate). Other} chro 
some cases oxidized or reduced pyridine nucleotides were meas- chemicals were reagent grade, commercial products. 
ured by fluorometry (17) in a Farrand fluorometer. Incubations Rechromatography Experiments—Appropriate fractions selected no si 
were at 38° and in most cases for a time of 30 minutes. Bovine for rechromatography were pooled (after 2-mercaptoethanol had trati 
plasma albumin was generally present in the incubation medium been added). The combined material was dialyzed against 2| col 


colur 
The 
TABLE I lowe 
Conditions employed for enzyme activity assays to be 
Incubations were in total volumes of 50 to 200 ul and were at 37° for 30 or 60 minutes. show 
A lar 
Enzyme Substrate Substrate Buffer pH Measured poe fract: 
‘ M 
(1) Glucose-6-P dehydro- glucose-6-P 5 | 2-amino-2-methyl-1,3-pro- 9.5 | TPNH® 18 
genase panediol 
(2) 6-Phosphogluconate de- | 6-phosphogluconate 1 | Tris 8.2 | TPNH*® 19 
hydrogenase 
(3) Isocitrate dehydrogenase pD-isocitrate 0.75 | Tris 8.1 | TPNH 20 
(4) Glutamic-pyruvictrans- | L-alanine + a-ketogluterate 20 | phosphate 7.4. | DPNHe 21 
aminase 6 DPN* 
(5) Glutamic-oxaloacetic L-aspartate + a-ketoglu- 20 | phosphate 7.4. | DPNHe 22 
transaminase tarate 6 DPN*t® 
(6) 8-Glucuronidase phenolphthalein 6-glucu- 1 | acetate 5.0 | phenolphthalein? 23 
ronide 
(7) Glycerol dehydrogenase | glycerol orp-glyceraldehyde 1000 | triethanolamine 9.5 | TPNH ¢ 
(TPN*) 20 | triethanolamine 7.0 | TPNH 
(8) Malic dehydrogenase L-malate 200 | pyrophosphate 9.3. | DPNH¢ 24 
(9) Aldehyde dehydrogenase’ acetaldehyde 5 | pyrophosphate 9.3. | DPNH2 25 
(10) Phosphohexoisomerase | glucose-6-P 100 | Tris 8.0 | fructose (color rgt.)| 18 
(11) Lactic dehydrogenase pyruvate 1 | Tris 7.5 | DPNH2 26 
DPN* 
(12) Aldolase fructose-1 ,6-di-P 10 | hydrazine 8.2 | color with dinitro- | 18 
phenylhydrazine 
(13) Aleohol dehydrogenase — ethanol 300 | glycine 9.6 | DPNH 27 
(14) Glutamic dehydrogenase L-glutamate 30 | phosphate 7.4. | DPNH@ 28 
(15) a-Glycerophosphate de- | dihydroxyacetone phos- 0.3 triethanolamine 7.5 | DPNHe 29 
hydrogenase phate 
(16) Glyceraldehyde-3-phos- | glyceraldehyde-3-phosphate 0.3 pyrophosphate + arsenate | 8.4 | DPNH@ 30 
phate dehydrogenase | 


* Spectrophotometric. 


Fluorometric. Fia 
B. W. Moore, unpublished results. 
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liters of 0.005 m Tris-phosphate, pH 8.0 in 0.01 m 2-mercapto- 
ethanol, and then applied to a 1.1 xX 30 em DEAE-cellulose 
column. The chloride gradient elution was carried out as de- 
scribed above except both the starting and limit buffers were in 
0.01 M 2-mercaptoethanol. 

Thiol interferes in the Lowry protein determination and there- 
fore a modification was made as follows. The protein in 100 to 
500 wl of each fraction was precipitated by adding half that 
volume of 30% trichloroacetic acid and centrifuged. The precip- 
itate was washed once with 0.5 ml of 10% trichloroacetic acid 
and dissolved in 100 ul of 1 N NaOH. Protein determinations 
were carried out as previously described. Enzyme activity 
measurements were made on the rechromatographed fractions 
exactly as described before. 


RESULTS 


Protein and Nucleic Acid Distribution—In 10 chromatograms 
of separate rat liver preparations proteins always separated into 
a number of peaks (see Figs. 2, 3, 4, and 5). The numbered 
peaks are those which appeared consistently in nearly all the 
chromatograms at the same effluent chloride concentrations. 
The pH of the effluent dropped smoothly from 8.0 to 6.5 with 
no sudden changes (as shown in Fig. 2). The chloride concen- 
trations shown are calculated values for the effluent from the 
column, taking into consideration the hold-up volume of the 
column and the tubing leading to the column from the reservoir. 
The protein eluted from the column by 0.4 m chloride was fol- 
lowed by a sharp peak of 260 myu-absorbing material, assumed 
to be RNA, eluted at 0.5 m chloride. The RNA consistently 
showed evidence of a second small peak at 0.6 m chloride (Fig. 2). 
A large amount (20 to 30%) of the protein appeared in a basic 
fraction (Peak 1) which was not adsorbed at pH 8.0. The pro- 
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tein in Peaks 1 to 15 showed a typical protein ultraviolet absorp- 
tion with 280 to 260 ratios of 1.6 to 1.7, and the RNA peak 
showed typical absorption with 280 to 260 ratios of 0.55. 

Two lots of DEAE-cellulose, both with an exchange capacity 
near 1.0 meq per g were used in the fractionations, and some 
minor differences between the batches were noted in the protein 
and enzyme patterns. These differences were confined to the 
region before the chloride gradient was applied. With the first 
lot (Fig. 2, as well as 5 other chromatograms) a sharp protein 
peak appeared immediately after Peak 1. This contained the 
second peak of glutamic-oxaloacetic transaminase and the peak 
of TPN* glycerol dehydrogenase (see “Enzyme Activity Distri- 
bution” below). With the second lot, the sharp peak was 
spread out and the two enzymes appeared later (Figs. 3, 4, and 
5). No differences were seen in the protein or enzyme patterns 
with the two lots after the chloride gradient was applied. Appar- 
ently the loosely bound proteins were bound more tightly to the 
second lot than to the first. 

Recoveries of protein (Lowry method) (14) and of optical 
density were 65 to 78% when the elution was carried out as 
described above. In one experiment, after the gradient elution 
to 1 mM chloride had been carried out, an additional linear gradient 
elution to 2 m chloride, 0.04 m NaOH with a total volume of 200 
ml, resulted in an additional 10% recovery of protein. Some 
nucleic acid was also present in this material since the 260 to 280 
ratios were approximately 1.0. No enzyme activities were meas- 
ured, and work is in progress to attempt to further fractionate 
and characterize this material. 

Enzyme Activity Distribution—In Fig. 3 are shown the distribu- 
tions of six of the enzymes measured. Other chromatograms 
gave essentially the same patterns for these enzymes, with minor 
variations in relative peak heights. The greatest variation was 
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Fia. 2. Chromatogram on 0.9 X 30 em column of DEAE-cellulose of 292 mg of liver soluble proteins. @—-—@, protein; 
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MI EFFLUENT VOLUME 
Fic. 3. Localization of enzyme activities. GO-T and GP-T are 
glutamic-oxaloacetic and glutamic-pyruvic transaminase; GlyDH 
is TPN* specific glycerol dehydrogenase; ICDH, isocitric dehy- 
drogenase; GPDH, glucose-6-P dehydrogenase; PGDH, 6-phos- 
phogluconic dehydrogenase. Activities are in wymoles per ml per 
hr. 
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in relative heights of the glucose-6-P dehydrogenase peaks in 
the region 0.20 to 0.28 m chloride and 0.32 to 0.37 m chloride. 
The glucose-6-P dehydrogenase activity between 0.20 to 0.23 u 
chloride was labile in the absence of 2-mercaptoethanol and lost 
much of its activity in 1 to 2 days. The peak marked Gly-DH 
is a TPN* specific glycerol dehydrogenase not described pre- 
viously. A more detailed report on its properties will be pub- 
lished elsewhere (31). In addition to the six enzymes shown in 
Fig. 3, other activities, lactic dehydrogenase, aldolase, isomerase, 
alcohol dehydrogenase, glutamic dehydrogenase, and aldehyde 
dehydrogenase, were found to be localized exclusively in the 
basic fraction, Peak 1. 

In Fig. 4 are shown the distributions in another column of 
several additional enzymes as well as some of the same ones 
shown in Fig. 3. Malic dehydrogenase and glyceraldehyde-3-P 
dehydrogenase appeared not only in the basic peak but also in 
later fractions. a-Glycerophosphate dehydrogenase showed one 
sharp peak at 0.13 m chloride. 

In Table II are shown the positions at which the various en- 
zyme activities consistently appeared in a number of chroma- 
tograms, along with the total activity of the enzyme recovered 
from the column, and the apparent percentage recovery. The 
percentage recoveries were calculated by dividing the total activ- 
ity of the enzyme eluted from the column by the total amount 
measured in the extract added, and therefore may be in error if 
there were activators or inhibitors in the extract, or if there were 
other sources of error inherent in use of crude extracts. 

Proteins containing heme groups, evidenced by absorption at 
413 muy, were distributed characteristically as shown in Table 
II. There was no evidence of other pigmented proteins even 
when pooled fractions were concentrated 15 to 20 times by 
lyophilization. 

A number of the enzyme activities separated into two or more 
peaks (Figs. 3 and 4, Table II). Glucose-6-P dehydrogenase 
always showed three major fractions, the middle one of which is 
composed of several closely spaced peaks. Glutamic-oxaloacetic 
transaminase appeared not only in the basic fraction but also 
somewhat later as a sharp peak; the same held true for malic 
dehydrogenase. ($-Glucuronidase and glutamic-pyruvic trans- 
aminase each consisted of a number of closely spaced peaks 
spread over a considerable region. When the basic fraction was 
rechromatographed on carboxymethy] cellulose cation exchanger, 
some of the enzymes in this fraction again split into 2 or more 
peaks each. The chromatograph of the basic peak on carboxy- 
methy] cellulose will be reported in detail later. 

Rechromatography—Three regions from one column were re- 
chromatographed with the use of the same volume and elution 
schedule as described above. These results along with the 
original chromatogram are shown in Fig. 5. The percentage 
recoveries of protein and enzyme activity paralleled each other 
as shown in Table III. 

Both protein and enzyme activity appeared as single peaks at 
the anticipated positions. The second peak of glutamic-oxalo- 
acetic transaminase was not present in the second chromatogram, 
and neither were the second and third peaks of glucose-6-P 
dehydrogenase. In Fig. 5B, the unsymmetrical portion of the 
protein curve at its leading edge probably represents contamina- 
tion of Peak 11 by some of the trailing edge of Peaks 8, 9, or 10. 
Peaks 15 and 16, from another column (not shown here) contain- 
ing the middle peak glucose-6-P dehydrogenase, were also re- 
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TaBLeE II 
Summary of elution patterns and apparent recoveries of liver enzymes from DEAE-cellulose 
Enzyme Position eluted, u Cl- Total from 20 Apparent recovery 
pmoles/hr % 
(1) Lactic dehydrogenase 0 113 ,000-223 ,000 83-116 4 
(2) Isomerase 02 6, 400° 95 1 
(3) Aldolase 6, 690° 90 1 
(4) Glutamic dehydrogenase 02 40.2 1 
(5) Aldehyde dehydrogenase 26-36 86-90 1 
(6) Alcohol dehydrogenase 0 442-636 90 2 
(7) Glutamic-oxaloacetic transaminase I 02 8 , 800-15, 700 64-113 
II 0.01 
(8) Glyceraldehyde-3-P dehydrogenase I 0¢ 42-52 c 2 
II 0.03 
(9) Malic dehydrogenase I 02 817-2,710 38-42 3 
II 0.06-0.08 (3 fused peaks) 
(10) Glycerol dehydrogenase (TPN*) 04 161-179 60-100 3 
(11) 6-Phosphogluconic dehydrogenase 0.08 951-1 , 904 56-85 4 
(12) Isocitric dehydrogenase I 0.09 (sharp) 
II 0.10—0.14 (minor peaks) 2 
(13) a-Glycerophosphate dehydrogenase 0.13 15, 200-20 , 000 82-98 5 
(14) B-Glucuronidase I 0.07 (small peak) 
II 0.08—-0.22 (fused peaks) 14.8-44.6 52-105 5 
(15) Glucose-6-P dehydrogenase I 0.11 (sharp) 
II 0. 
III 0. = fused 97-202 78-175 6 
IV 0.34 (sharp) 
(16) Glutamic-pyruvic transaminase 0.12-0.20 (fused peaks) 4,376-6, 150 52-94 2 
(17) 413-my material I 02 (small) 
II 0.02 (small) 7 
III 0.06-0.07 (large) 
(18) Protein 169-21lmg 65-78 7 
(19) Nucleic acid 0.48-0.52 7 


« Appeared in protein Peak 1 and not adsorbed by DEAE-cellulose (Figs. 2, 3, and 4). 


>In arbitrary optical density units. 
¢ See text under ‘‘Enzyme Activity Measurements.’’ 


4 Appeared before chloride gradient was begun and was eluted with 130 ml of the starting buffer. 


chromatographed, and the enzyme appeared as a single peak at 
the expected position (0.21 to 0.27 m Cl). 


DISCUSSION 


The results show that the soluble proteins of liver homogenate 
can be resolved on a cellulose anion exchanger to give a charac- 
teristic pattern of protein and nucleic acid distribution and a 
consistent pattern of distribution of a number of enzyme activ- 
ities among the fractions. With the exception of those found 
in the basic fraction, no two enzyme activities exactly overlapped. 
The apparent recoveries of activities were high except in the 
region where 6-phosphogluconic, malic, and isocitric dehydro- 
genases appeared. 

The high resolution of the chromatographic method is demon- 
strated by the fact that some of the activities appeared as sharp, 
approximately symmetrical peaks, such as those for TPN+t 
specific glycerol dehydrogenase, 6-phosphogluconic dehydro- 
genase at 0.08 m chloride, a-glycerophosphate dehydrogenase at 
0.13 m, the glucose 6-phosphate dehydrogenase peaks at 0.11 M 
and 0.34 m, and the second peak of glutamic-oxaloacetic trans- 
aminase at 0.01 m. Also, the nucleic acid in the extract, pre- 
sumably RNA, was well separated from the protein. 

The patterns also show that some information can be obtained 
about the ionic properties and other characteristics of enzymes 


in the tissue extract. Most of the glycolytic enzymes assayed 
for appeared in the basic fraction (Peak 1 in Figs. 2, 3, 4). The 
only exception was the second peak of glyceraldehyde-3-P dehy- 
drogenase which represents approximately 17% of the total 
activity of this enzyme. This probably reflects the relative 
basicity of the proteins in Peak 1 at the low ionic strength of the 
starting buffer. For example, glyceraldehyde-3-P dehydro- 
genase has isoelectric pH values of 7.2, 6.6, and 5.9 at ionic 
strengths of 0.05, 0.1, and 0.2, respectively, in phosphate buffers 
and, when extrapolated to zero ionic strength the value is above 
8.0 (32). Similarly, muscle aldolase has an extrapolated iso- 
electric pH of 9 at zero ionic strength (33), and bovine liver 
aldolase has an isoelectric pH of 6.6 to 6.7 (34, 35). The iso- 
electric pH of liver lactic dehydrogenase at ionic strength 0.1 is 
6.3 (36), and of liver alcohol dehydrogenase is 7.0 (37). Crystal- 
line bovine serum albumin which has an isoelectric pH about 4.8 
at ionic strength 0.1, when chromatographed alone under the 
same conditions used for liver supernatant, appeared as a sharp 
peak at 0.11 m chloride. 

Many of the enzyme activities appeared as multiple peaks, 
the present data does not rule out any of several explanations. 
For example, in addition to the possibility that there exist struc- 
turally different proteins with the same enzyme activity, alterna- 
tively there may be binding between the enzyme and large or 
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Fic. 5. Rechromatography of several peaks. Enzyme activ- 
ities are shaded areas and are in wmoles per ml per hr. GPDH 
is glucose-6-P dehydrogenase; GO-T, glutamic-oxaloacetic trans- 
aminase. @——@, protein; ----- , M chloride; horizontal bars 
show the regions taken for rechromatography. 


TaBLeE III 
Rechromatography of isolated peaks on DEAE-cellulose 
Recovery 
Peak rechroma- 
tographed 
Protein Enzyme activity 
% % 
1 99 .2 97 .0 (glutamic-oxaloacetic transaminase) 
7 84.9 
11 103.3 | 110.2 (glucose-6-P dehydrogenase) 


small molecules giving rise to several separately migrating species. 
The bound molecules could be proteins, nucleic acids, carbo- 
hydrates, substrates, or lipids. The rechromatography experi- 
ments show that, in the case of glucose-6-P dehydrogenase and 
glutamic-oxaloacetic transaminase, the differences between the 
several forms are stable during chromatography, and therefore 
must not be loosely bound complexes. 


SUMMARY 


A method was developed for chromatography of rat liver 
soluble proteins on diethylaminoethy] cellulose, with a parabolic 
chloride gradient for elution. Protein, nucleic acid and 16 en- 
zyme activities were determined in the fractions, and each gave a 
consistent pattern of distribution in a number of preparations. 

Some of the enzyme activities, for example, lactic dehydro- 
genase, isomerase, and aldolase, were not adsorbed by the diethy]- 
aminoethy] cellulose at pH 8.0 and low ionic strength. Several 
of the enzymes gave multiple peaks of activity. With two of the 
multiple peak enzymes, glucose 6-phosphate dehydrogenase and 
glutamic oxaloacetic transaminase, rechromatography of one of 
the peaks, under the same conditions, gave a single peak at the 
anticipated position. 


Chromatography of Soluble Liver Proteins 


— 


oe on for) oP 


19. 


21. 


31. 
32. 


. Veuick, 8. F., J. Phys. and Colloid Chem., 53, 135 (1949). 
. Peanasky, R. J., AND Larpy, H. A., J. Biol. Chem., 233, 365 


37. 


Vol. 235, No. 5 


REFERENCES 


. Soper, H. A., Gutter, F. J., Wycorr, M. M., anp PETERson, 


E. A., J. Am. Chem. Soc., 78, 756 (1956). 


. Soper, H. A., AND Peterson, E. A., Federation Proc., 17, 


1116 (1958). 


. Soror, 8., AND CoHEN, P. P., J. Biol. Chem., 190, 303 (1951). 
. Soror, S., aND CoHEN, P. P., J. Biol. Chem., 190, 311 (1951). 
. Horrman, H. E., anp ScnecutmMan, A. M., Cancer Research, 


12, 129 (1952). 


. ELDREDGE, N. T., and Luck, J. M., Cancer Research, 12, 801 


(1952). 


. NEILANDS, J. B., J. Biol. Chem., 199, 373 (1952). 
. MARKERT, C. L., AND MouLter, F., Proc. Natl. Acad. Sci. U. 


S. 45, 753 (1959). 


. Hiwu, B. R., Proc. Am. Assoc. Cancer Research, 3, 27 (1959). 
. WIELAND, T., AND PFLEIDERER, G., Biochem. Z., 329, 112 


(1957). 


. Moore, B. W., anp WortMAN, B., Biochim. et Biophys. Acta, 


34, 260 (1959). 


. PETERSON, E. A., AND SoBEr, H. A., J. Am. Chem. Soc., 78, 


751 (1956). 


. PETERSON, E. A., AND Soper, H. A., Anal. Chem., 31, 857 


(1959). 


. Lowry, O. H., RoseBrouau, N.J., Farr, A. L., anp RANDALL, 


R. J., J. Biol. Chem., 193, 265 (1951). 


. Lowry, O. H., Roserts, N. R., LErner, K. Y., Wu, M.-L., 


AND Farr, A. L., J. Biol. Chem., 207, 1 (1954). 


. Lowry, O. H., anp Bessy, O. A., J. Biol. Chem., 163, 633 


(1946). 


. Lowry, O. H., RoBerts, N. R., anp KappHaun, J. I., J. Biol. 


Chem., 224, 1047 (1957). 


. BuE.tL, M. V., Lowry, O. H., Roperts, N. R., Cuana, M.-L. 


W., aND KappuaHn, J. I., J. Biol. Chem., 232, 979 (1958). 

Lowry, O. H.,inS. P. CoLowick anp N. O. Kapuan (Editors), 
Methods in enzymology, Vol. IV, Academic Press, Inc., New 
York, 1957, p. 379. 

Ocuoa, in P. Cotowick N. O. (Editors), 
Methods in enzymology, Vol. I, Academic Press, Inc., New 
York, 1955, p. 699. 

WROBLEWSKI, F., ano LaDveE, J. 8., Proc. Soc. Exptl. Biol. 
Med., 91, 569 (1956). 


. KarMEN, A., J. Clin. Invest., 34, 131 (1955). 
. FisoMan, W. H., AND BERNFELD, P., in S. P. COLOWICK AND 


N. O. Kapuian (Editors), Methods in enzymology, Vol. I, 
Academic Press, Inc., New York, 1955, p. 262. 

Burton, K., AND WiLson, T. H., Biochem. J., 54, 86 (1953). 

Racker, E., J. Biol. Chem., 177, 883 (1949). 

KorNBERG, A., in S. P. CoLowick AND N. O. (Edi- 
tors), Methods in enzymology, Vol. I, Academic Press, Inc., 
New York, 1955, p. 441. 


. THEORELL, H., AND BONNISCHEN, R. K., Acta Chem. Scand., 


5, 1105 (1951). 


. STRECHER, H. J., in S. P. CoLtowick N. O. Kapuan (Edi- 


tors), Methods in enzymology, Vol. II, Academic Press, Inc., 
New York, 1955, p. 220. 

BEISENBERY, G., BrrcHER, T., AND GARBADE, K. H., in S. P. 
CoLowick AND N. O. KapLan (Editors), Methods in enzy- 
mology, Vol. I, Academic Press, Inc., New York, 1955, p. 
391. 

Cort, G. T., Stein, M. W., ano Cort, C. F., J. Biol. Chem., 
173, 605 (1948). 

Moore, B. W., J. Am. Chem. Soc., 81, 5837 (1959). 

Vetick, S. F., anp Hayes, J. E., Jr., J. Biol. Chem., 208, 545 
(1953). 


(1958). 


. Peanasky, R. J., AND Larpy, H. A., J. Biol. Chem., 233, 371 


(1958). 


. Gipson, D. M., Davisson, E. O., Bacnnawat, B. K., Ray, 


B. R., aN VEsTLING, C. S., J. Biol. Chem., 208, 397 (1953). 

BoNNISCHEN, R. K., AND Brink, N. G., in S. P. CoLowick 
AnD N. O. Kapian (Editors), Methods in enzymology, Vol. 
I, Academic Press, Inc., New York, 1955, p. 497. 


Salt 
cohol 
tion 
and ly 
tive of 
from tl 
sine etl 
Carrier 


* Thi 
Founda 
t Par 
tablishe 
t Pre: 


1364 
13 
600 A. 
46 600 
| 
tivl 
rece 
onst 
50°: 
| 
acco 
tryp 
in OF 
sinog 
of ch 
20. D 
two I 
foun 
terac 
| 
libriu 
this 
| | centri 
the s 
inacti 
oo 
made 
Diffie 
throu 
tant 
30. 
34 
— 


3). 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 235, No. 5, May 1960 
Printed in U.S.A. 


Reversible Inactivation of Chymotrypsin by Sulfate Ions* 


MILDRED CoHNf AND Sout 


From the Department of Biological Chemistry, Washington University School of Medicine, Saint Louis, Missouri 


(Received for publication, December 3, 1959) 


The reversible heat denaturation of chymotrypsin in acid solu- 
tions is well known (1) and the irreversible loss of enzymatic ac- 
tivity under these conditions in the presence of sulfate ions has 
recently been reported by Aldrich and Balls (2). In a compre- 
hensive quantitative study, Eisenberg and Schwert (3) have dem- 
onstrated that the closely related protein, chymotrypsinogen, 
exists in two forms, the native and denatured which are in 
equilibrium at pH 2 to pH 3 in the temperature range of 40 to 
50°; the two forms were distinguished by solubility in 1 m NaCl. 
Small but definite changes in a number of physical properties 
accompanying the transition from the native form of chymo- 
trypsinogen to the denatured form were subsequently observed 
by Stauff and Rasper (4). Schellman (5) has studied the transi- 
tion in both chymotrypsinogen and chymotrypsin by following 
changes in optical rotation. Although no significant difference 
in optical rotation was observed for the two forms of chymotryp- 
sinogen, the difference could easily be measured for the two forms 
of chymotrypsin, the transition occurring at 32° at pH 2.0. 

During the course of investigating the equilibrium between the 
two forms of a-chymotrypsin by the solubility criterion, it was 
found that sulfate ions at concentrations as low as 0.005 M in- 
teract with the denatured form with the resultant formation of 
an enzymically inactive species which appears not to be in equi- 
librium with the native form. The inactive species produced in 
this way was shown to be a highly polymerized form by ultra- 
centrifugal studies. The inactive polymeric form of chymotryp- 
sin could be converted to the active monomer only by lowering 
the sulfate concentration of the medium and again heating the 
inactive chymotrypsin under conditions optimal for reversible 
denaturation of native chymotrypsin. An attempt has been 
made to study the stoichiometry of the reaction between the 
reversibly denatured form of chymotrypsin and S**-sulfate ions. 
Difficulties were encountered in obtaining quantitative results 
throughout the investigation because of the unavoidable concomi- 
tant occurrence of irreversible denaturation of chymotrypsin. 


MATERIALS AND METHODS 


Salt-free a-chymotrypsin prepared by crystallization from al- 
cohol was obtained from the Worthington Biochemical Corpora- 
tion and was exhaustively dialyzed against 0.001 nN HCl at 0° 
and lyophilized before use. The diisopropyl phosphoryl] deriva- 
tive of chymotrypsin, and chymotrypsinogen were purchased 
from the Worthington Biochemical Corporation. Acety]-L-tyro- 
sine ethyl ester was obtained from Mann Research Laboratories. 
Carrier-free S**-sulfate was obtained from Abbott Laboratories. 


* This work was supported by a grant from the National Science 
Foundation. 

t Part of this work was carried out during the tenure of an Es- 
tablished Investigatorship of the American Heart Association. 

t Present address, Sigma Chemical Company, St. Louis, Missouri. 


Solubility Determinations—The method of determining solu- 
bility was similar to that used by Eisenberg and Schwert (3) for 
chymotrypsinogen. A preliminary experiment indicated that 
pH 3.0 was the optimal pH for precipitation of denatured chymo- 
trypsin. To the chymotrypsin solution, maintained at the de- 
sired temperature within +0.01°, 2.5 volumes of a solution con- 
taining 0.1 M glycine-glycine HC] in 1.4 m NaCl, pH 3.0, were 
added to precipitate the denatured protein. After mixing, the 
solutions were allowed to stand in an ice bath for 30 minutes and 
then centrifuged in a Servall centrifuge SS-1 for 15 minutes at 
15,000 X g. The absorbancy of the supernatant solutions was 
measured at 282 mu with a Beckman DU spectrophotometer or 
a Zeiss PMQ II spectrophotometer. 

Determination of Molecular Size—Sedimentation coefficients 
were determined from measurements at a speed of 42,040 r.p.m. 
obtained in the refrigerated Spinco model E analytical ultra- 
centrifuge with the use of two double sector cells in some experi- 
ments and synthetic boundary cells in others. The calculated 
sedimentation coefficients were standardized by correction to 
water and to a temperature of 20°. 

In some experiments a continuous method of following changes 
in molecular size was achieved by following changes in light 
scattering with a Brice Phoenix light scattering photometer. 
The protein solution was placed in a 3-ml cell in which the tem- 
perature was controlled by a cell holder constructed in such a 
manner that water at any desired temperature could be rapidly 
circulated through it.1_ The temperature of the scattering solu- 
tion was determined directly by insertion of a thermocouple in 
the cell. Under conditions where aggregation was occurring 
rapidly, a 0- to 10-millivolt Brown recorder was used in con- 
junction with the light scattering apparatus. For the calculation 
of apparent average molecular weight, the scattering of the pro- 
tein solution was corrected for the scattering due to a blank solu- 
tion of the solvent in which the protein was dissolved. 

Enzymic Activity of Chymotrypsin—A modification of the spec- 
trophotometric method of Schwert and Takenaka (6) was used 
for the assay of chymotrypsin activity with acetyl-L-tyrosine 
ethyl ester as substrate. The change in absorbancy at 237 mu 
was followed as a function of time for a period of 1 to 2 minutes 
at 25° with a Beckman DU spectrophotometer coupled to a 
Brown recorder on which 80 to 100% transmission was expanded 
to a full scale of 11 inches. In some experiments a similar spec- 
trophotometric recording was obtained with a Zeiss spectro- 
photometer coupled to a Leeds and Northrup recorder. The 
reaction mixture contained 0.001 m acetyl-L-tyrosine ethyl ester, 
0.05 m Tris-HCl buffer, pH 7.9, and 0.1 m NaCl in a volume of 1 
ml. 

The concentration of chymotrypsin was determined from its 


1C. Frieden, unpublished method. 
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Fic. 1. Rate of approach to equilibrium. Upper curve 
(O——O), 1 mg of chymotrypsin per ml, pH 3.0, preheated for 3 
minutes at 56° and placed in 52° bath at zero time; lower curve 
(X X), same solution preheated at 48° for 3 minutes and placed 
in 52° bath at zero time. The method of determining the solu- 
bility is described in the text. 
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Fic. 2. Equilibrium constant of native and denatured chymo- 
trypsin as a function of temperature, at pH 2.40. 


absorbancy at 282 my (A22/20.6 = 1 mg of chymotrypsin per 
ml) (7). The radioactivity of S*5 samples was determined on 
thin layers of sample in a proportional gas flow counter, type 
D47 made by Nuclear-Chicago. 


EXPERIMENTAL 


Equilibrium between Natwe and Reversibly Denatured a-Chymo- 
trypsin—For the evaluation of an equilibrium constant between 
denatured and native chymotrypsin, the ratio of denatured to 
native protein is defined as the ratio of insoluble to soluble pro- 
tein in 1 M NaCl solution containing 0.1 m glycine-glycine HCl 
buffer at pH 3.0. The true equilibrium nature of the ratio was 
established by the observation that the same ratio of insoluble to 
soluble protein was obtained at a given temperature by heating 
the solution to that temperature or, alternatively, by cooling to 
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that temperature. The standard procedure adopted for deter- 
mining the ratio at any given temperature follows. Two identi- 
cal solutions of chymotrypsin, 1 mg per ml, were adjusted to the 
desired pH with HCl. One solution was preheated at 4° above 
the desired temperature for 3 minutes and the other solution was 
preheated at 4° below the desired temperature for 3 minutes. 
Both solutions were then maintained at the desired temperature 
for 10 minutes before precipitation with salt. As shown in Fig, 
1, 10 minutes was sufficient time to achieve equilibrium from 
either direction. 

The ratios of the two forms were determined at pH 2.4 at 1° 
intervals between 40° and 44° inclusive; at 48° the chymotrypsin 
was completely reversibly denatured. Although the denatura- 
tion appears to be completely reversible by the solubility cri- 
terion, t.e. if the solutions of chymotrypsin are heated to 50° 
and then chilled for 30 minutes at 0°, no precipitation occurs 
upon the addition of NaCl to a final concentration of 1 M, never- 
theless some loss of enzymic activity, of the order of 10%, always 
occurs under the conditions of the solubility measurements. 
One of the limitations of detecting small amounts of denatura- 
tion by the solubility criterion is the solubility of the denatured 
protein. Under the conditions of these experiments, the com- 
pletely reversibly denatured form at 48° and 52° exhibited a 
constant residual solubility of 8% of the total protein confirming 
a similar observation by Schellman (5). All solubility deter- 
minations of the native form were corrected for the solubility of 
the denatured form. 

The results of the equilibrium determinations are plotted in 
Fig. 2 in the form of log K against 1/T where K = denatured /na- 
tive chymotrypsin and T is the absolute temperature. The tem- 
perature at which 50% of the chymotrypsin is denatured at pH 
2.4 is about 40.5°, considerably lower than the temperature of ap- 
proximately 50° found for chymotrypsinogen under correspond- 
ing conditions (3). This difference is consistent with results at 
pH 2.0 determined by optical rotation measurement (5). At pH 
3.0, chymotrypsinogen is entirely in the native form at 52° but 
as shown in Fig. 1, chymotrypsin exists as an equilibrium mixture 
of 40% native form and 60% reversibly denatured form under 
the same conditions. The high value of AH (143,000 calories) 
for the heat denaturation which was evaluated from the slope of 
the line in Fig. 2, is of the same order of magnitude as found 
previously for chymotrypsinogen (3) and chymotrypsin (8). 
The pH dependence of the chymotrypsin equilibrium has not 
been investigated in detail but is very marked as shown by a 
comparison of Fig. 1 and Fig. 2. 

Effect of Sulfate Ions on Inactivation of Chymotrypsin—It has 
been shown that the presence of sulfate at concentrations as low 
as 0.005 M in a solution of chymotrypsin heated to 100° at pH 3.0 
leads to apparent irreversible denaturation of the enzyme, 1.¢. 
the enzymic activity does not reappear upon cooling as it does 
in the absence of sulfate ions (2). In the case of chymotryp- 
sinogen, it was also found that the presence of sulfate ions under 
conditions of reversible denaturation results in only partial rever- 
sion to native protein after short periods of heating whereas the 
denatured protein resulting from heating for 30 to 60 minutes is 
almost wholly irreversibly denatured (3). 

In the present study, the extent of apparent irreversible de- 
naturation as measured by enzyme activity at a given tempera- 
ature has been correlated with the interaction of sulfate ions with 
the fraction of the reversibly denatured form of chymotrypsin 
present in the solution at that temperature. Table I lists the 
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percentage of enzymic activity which is regained upon cooling 
after the addition of sulfate, at a final concentration of 0.0075 M, 
to various equilibrium mixtures of native and reversibly de- 
natured chymotrypsin. A solution of Na2SO, maintained at the 
same temperature as the chymotrypsin solution was added and 
rapidly mixed with the chymotrypsin; the mixtures were chilled 
immediately or after being maintained at the desired tempera- 
ture for 1 or 3 minutes, respectively. It can be seen from the 
data in Table I that the amount of inactivation depends on the 
proportion of chymotrypsin initially in the reversibly denatured 
form and on the time allowed for interaction with sulfate ions. 

The extent of inactivation of chymotrypsin is also a function 
of the concentrations of sulfate ions in the solution as shown in 
the first two columns of Table II. Almost total inactivation 
results at 0.005 m Na2SO, after heating for 15 minutes at 50° at 
which temperature the protein is normally completely reversibly 
denatured. When the concentration of the sulfate is 0.02 m or 
higher, the solutions become turbid on cooling. 

Reactivation of Inactivated Chymotrypsin—The presumably ir- 
reversibly denatured chymotrypsin which is formed by heating 
in the presence of sulfate ions can be reactivated under the proper 
conditions. The extent of reactivation attainable is governed by 
(a) the conditions under which the inactivation is achieved and 
(b) the conditions of reactivation. It will be noted from Table 
II] that those samples of chymotrypsin which had been totally 
inactivated in the sulfate concentration range 0.005 m to 0.01 m 
were susceptible to maximum reactivation. As the concentra- 
tion of sulfate during inactivation is increased, the extent of re- 
activation attainable progressively decreased. If temperatures 
of inactivation beyond the minimum temperature necessary for 
the formation of 100% reversibly denatured protein are em- 
ployed, no increase in the extent of inactivation is observed, e.g. 
after heating at 100° for 2 minutes in the presence of 0.0075 m 
NaSOu, 74% enzymic activity is lost, the same amount that is 
lost at 48° under the same conditions (cf. Table I). Maximum 
reactivation of the material inactivated at 100°, reached only 
33% of the control activity indicating that at the higher tem- 
perature of inactivation, extensive truly irreversible changes had 
occurred. Therefore, the standard procedure adopted for in- 
activation was to heat for 10 minutes at 50° with a sulfate con- 
centration of 0.0075 M, conditions which always lead to 100% in- 
activation and permitted maximum reactivation. 

For reactivation, the solutions of inactivated chymotrypsin 
were diluted 10- or 20-fold in 0.001 Nn HCl to reduce the concen- 
tration of sulfate to levels which did not cause inactivation upon 
heating. It was found that optimal reactivation was achieved 
by reheating the diluted solutions at high temperatures for short 
periods. The reactivation procedure was standardized by heat- 
ing at 100° for 2.5 minutes in 0.001 N HCl and chilling in an ice 
bath for 30 minutes before assay of enzymic activity. It can 
be calculated from the values in Table IJ that at 0.005 m NaSO,, 
the reactivated chymotrypsin actually has 87.5% of the activity 
of the enzyme treated similarly in the absence of sulfate, al- 
though as shown in Table II, the activity of the reactivated ma- 
terial is only 77% of the unheated control. 

Effect of Other Antons on Inactivation and Reactivation of Chy- 
motrypsin—It has been suggested by previous investigators (2, 
3) that effects observed with sulfate were not specific but are 
characteristic of divalent anions. One simple ion which exists 
in the dinegative form at pH 2.4 other than sulfate is pyrophos- 
phate. Its efficacy in inactivating chymotrypsin was tested un- 
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der the same conditions as sulfate. The data in Table II re- 
veal that the dinegative pyrophosphate ion is very similar to 
sulfate in its effect on inactivation and reactivation of chymo- 
trypsin. From a comparison of the extent of reactivation under 
identical conditions, t.e. by dilution and reheating at pH 3, it 
would appear that somewhat more irreversible inactivation oc- 
curs with pyrophosphate than with sulfate. Chloride ion con- 
centrations as high as 0.05 m caused no inactivation; at consider- 
ably higher concentrations, e.g. 0.2 m NaCl, chymotrypsin may 
be totally inactivated under the proper conditions and the in- 
activated product may be reactivated to approximately 60% of 


TABLE I 


Inactivation of denatured chymotrypsin by sulfate 
tons as function of temperature and time 


Chymotrypsin solutions at a concentration of 2 mg per ml in 
0.005 n HCl were heated for 10 minutes at the temperatures in- 
dicated. An equal volume of 0.015 m Na2SQ, in 0.005 n HCl at 
the same temperature was added rapidly and the mixture was 
chilled in an ice bath after the time indicated. The enzymic ac- 
tivity was determined as described in the text. 


% min 
40° 35.6 <} 90 
1 73 
3 60 
41° 62.3 <3 
1 59 
3 25 
48° 100 <4 68 
1 42 
3 10 


* These percentages are obtained from data plotted in Fig. 2. 


TABLE II 


Effect of concentration of divalent anions on inactivation 
and reactivation of chymotrypsin 


The concentration of chymotrypsin is 1 mg per ml in 0.005 n 
HCl. Inactivation with SO,” ion was effected by heating for 15 
minutes at 50°, with H2P20;~ ion by heating for 10 minutes at 
50°. Reactivation was accomplished by diluting the heated so- 
lutions 1:10 in the solutions containing sulfate and 1:20 in the 
solutions containing pyrophosphate with ice-cold 0.001 N HCl. 
The diluted solutions were heated for 2.5 minutes at 100° and 
immediately chilled in an ice bath. Enzymie activity was deter- 
mined as described in text. 


Enzymic activity, % Enzymic activity, % 
Cencentsation of unheated control of unheated control 
of divalent ion 
After After After After 
inactivation reactivation inactivation reactivation 
M 
0 89 86 88 82 
0.0025 68 87 76 83 
0.005 3 77 29.4 74 
0.010 0 74 3 58 
0.020 0* 52 0 23 
0.030 42 
* Turbid. 
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TABLE III 

Sedimentation constants of inactivated and reactivated chymotrypsin 

The control and inactivated solutions contained 2 mg of chymo- 
trypsin per ml and 0.0075 m Na2SO, in 0.005 n HCl. The reac- 
tivated solution contained practically no sulfate and the final 
concentration of HCl] was 0.001 n. The reactivation procedure 
consisted of heating the samples for 2.5 minutes at 100° and chill- 
ing in an ice bath. 


Experiment Treatment 
1 Control (unheated) 100 2.3° 
Inactivation (15 min at 50°) 0 | 28.5 
2 Control (unheated) 100 2.7 
a Inactivation (10 min at 50°) 0 
b Reactivation of (a) by dilution before 90 
dialysis 
c Reactivation of (a) after dialysis 78 2.0 


* This sample of chymotrypsin differed from all other samples; 
it was a different commercial preparation and was not dialyzed 
and lyophilized before use. 


its initial activity by the usual procedure of dilution and re- 
heating. 

Ultracentrifugal Studies—The inactive form of chymotrypsin 
produced by heating at 50° for 15 minutes in the presence of sul- 
fate was characterized by its sedimentation constant as deter- 
mined simultaneously with the control in a double sector cell. 
The change in sedimentation constant from 2.3 for the active 
form to 28.5 for the inactive form as shown in Table III indicates 
that the product is in a highly polymerized state. From the 
data in the second experiment of Table III, it is established that 
in the process of reactivation, the polymer reverts to a monomer. 
The conditions for inactivation and reactivation were modified 
in these experiments from those given in Table II, by increasing 
the concentration of chymotrypsin from 1 to 2 mg per ml in or- 


Reversible Inactivation of Chymotrypsin 


Vol. 235, No. 5 


der to have sufficient protein concentration for ultracentrifugal 
analysis. For the maintenance of a similarly high protein con- 
centration in the reactivated sample, the sulfate concentration 
had to be lowered by prolonged dialysis, about 20 hours at 4° 
against 0.001 N HCl rather than by dilution. The enzymic ac- 


tivity of a sample (6 of Table III) which was obtained by reac- _ 


tivation of the inactive material before dialysis by the usual 
dilution procedure at a concentration of 0.1 mg chymotrypsin 
per ml, was compared to a sample (c of Table III) which was 
reactivated after dialysis at a concentration of 2 mg chymotryp- 
sin per ml. The somewhat lower enzymic activity observed for 
sample c is probably due to increased irreversible changes occur- 
ring during dialysis or during the reactivation process at the 
higher concentration of protein. 

Several ultracentrifugal experiments were performed on par- 
tially inactivated chymotrypsin samples in an attempt to deter- 
mine whether there was a quantitative correlation between the 
enzymic activity and the fraction of monomer remaining. Qual- 
itatively, such a correlation was apparent from the appearance of 
two peaks in partially inactivated chymotrypsin. For example, 
in the first experiment given in Table IV, two peaks were plainly 
visible in the ultracentrifugal patterns of chymotrypsin which 
had been heated with sulfate for 3 and 6 minutes, respectively. 
Quantitative estimation of the fraction of protein in each peak 
was difficult because the slow peak did not emerge from the 
boundary until late in the experiment when the fast peak had 
become quite diffuse. Despite this difficulty, it could easily be 
discerned that there was much more of the fast component in the 
6-minute sample than in the 3-minute one. In the two subse- 
quent experiments, a synthetic boundary cell was used and the 
percentage of the slow component could be estimated quantita- 
tively. A loss of total observable protein which occurred during 
the course of ultracentrifugation was undoubtedly due to the dis- 
appearance of very fast moving denatured protein from the field 
of vision. The agreement between the percentage of enzymic 
activity, 11%, and of the monomeric form, 10%, is well within 


TABLE IV 
Sedimentation constants of partially inactivated chymotrypsin 


The chymotrypsin (4 mg per ml, 0.005 n HCl) was heated at the temperature indicated for 10 minutes and then Na2SO, at the same 
temperature and pH was added to a final concentration of 0.0075 m. The samples were maintained at the same temperature for the 
periods indicated and then chilled in an ice bath. The enzymic activity and sedimentation constants (820...) were determined as de- 


scribed in the text. 


Experiment oom | Treatment Enzymic activity 520,w, Slow component $20,w, fast component 
mg/ml Q, of control 
1 2 Control (unheated) 100 2.8 
41°, sulfate added, 0* min, 41° 84 2.8 
41°, sulfate added, 3 min, 41° 39 ~2.0 ; 
41°, sulfate added, 6 min, 41° 13 ~2.0 18.1 
2 | 2 Control (unheated) 100 
| 48°, no sulfate added 90 2.5 
| 48°, sulfate added, 1 min, 48° 11 2.0 (10%) 18.3 
3 | 3 | Control (unheated) 100 
| 48°, no sulfate added 97 2.5 
| _ 48°, sulfate added, 0* min, 48° 65 2.5 (77%) 9.0 


* Chilled immediately after addition of sulfate but some finite time elapsed at temperatures at which chymotrypsin exists partially 
in reversibly denatured form, particularly when temperature is 48° initially (Experiment 3). 
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the experimental error in Experiment 2, Table IV. In the third 
experiment (Table IV), a higher concentration of protein was 
used to improve quantitative estimation and conditions were 
chosen which permitted the shortest possible time period for the 
inactivation so that the most favorable conditions for trapping 
a possible inactive monomer intermediate would obtain. This 
procedure resulted in material with an enzymic activity of 65% 
and a monomer concentration of 77%. Whether this 12% dif- 
ference represents an inactive monomer which precedes the for- 
mation of inactive polymer is questionable. Further experi- 
ments are necessary to establish this point. It can only be 
stated with certainty that if such an inactive monomer exists, it 
has a very short lifetime. 

The cause of the variation in the observed sedimentation con- 
stants of the monomeric form of chymotrypsin is not entirely 
clear but chymotrypsin which had been denatured by heat and 
allowed to revert to its native form invariably had a lower sedi- 
mentation constant than the unheated controls. The variation 
found in the sedimentation constants of the polymeric form of 
chymotrypsin could be correlated with the conditions under 
which it was formed; the sedimentation constant of the polymer 
increased with increasing temperature of denaturation, with in- 
creasing time of exposure to sulfate ion at elevated temperatures 
and with increasing concentration of chymotrypsin. 

Molecular Size Determination by Light Scattering—In order to 
determine the change in aggregation as a function of time, con- 
tinuous light scattering measurements were made. A solution 
of chymotrypsin, 2 mg per ml in 0.005 n HCl was heated from 0 
to 46° where it is completely reversibly denatured; it was main- 
tained at 46° for 10 minutes and then cooled. No change in 
light scattering was observed throughout the heating and cool- 
ing. When the experiment was repeated in the presence of 
0.0075 M Na2SO,, the apparent weight average molecular weight, 
M., gradually increased upon heating. After 10 minutes from 
the initiation of aggregation, Mw had reached the value 1.8 x 
10° as calculated from the scattering ratio at 90 and 0°. Aggre- 
gation continued slowly as the solution was cooled. After 9 
minutes of cooling, the bath temperature had fallen to 17° and 
the value of Mw had reached a value of 2.2 x 10° and no further 
aggregation occurred in the next 5-minute period. 

In another experiment, the chymotrypsin was first completely 
reversibly denatured by heating to 48° and polymerization was 
then initiated by rapid addition of sulfate and the changes in 
light scattering were followed with a continuous recorder. A 
solution of chymotrypsin, 3 mg per ml in 0.005 Nn HCl, was main- 
tained at 48° and 3 volume of 0.015 M Na2SO, in 0.005 n HCl at 
48° was added and rapidly mixed; the final concentration of sul- 
fate in this case was 0.005 m. At the shortest time interval at 
which a reliable measurement of the light scattering could be 
made, less than 30 seconds after the addition of the sulfate, the 
value of Mw was already 300,000; 2 minutes later the value of 
M. had increased to 800,000 and continued to rise more slowly 
thereafter reaching 900,000 in another 2 minutes. From these 
results it is evident that the polymerization is very rapid at high 
temperatures when the protein is in the reversibly denatured 
form and it would therefore be difficult to trap an inactive 
monomer if it does exist. 

Effect of Sulfate Ion on Heat Denaturation of Chymotrypsinogen 
and Diisopropyl Phosphoryl Chymotrypsin—It had been observed 
by Eisenberg and Schwert (3) that upon heating chymotrypsino- 
gen in the presence of SO,7 ions at pH 2 and pH 3, irreversibly 
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denatured protein is formed, the solubility criterion being used 
for denaturation. This observation has been confirmed in the 
present study by heating chymotrypsinogen, 2 mg per ml, in a 
solution containing 0.005 n HCl and 0.0075 m Na.SO, for 15 
minutes at 50°. The product was wholly denatured as measured 
by solubility in 1 m NaCl at pH 3. However, it has now been 
found that if the solution containing the denatured protein is 
diluted 20-fold with 0.001 n HCl and heated for 2.5 minutes at 
100°, the chymotrypsinogen reverts completely to its native form, 
or more precisely, a soluble form. Chymotrypsinogen is there- 
fore analogous in its behavior in this respect to chymotrypsin. 

An identical experiment with diisopropyl phosphoryl chymo- 
trypsin demonstrated that this derivative also was denatured ap- 
parently irreversibly in the presence of sulfate at 50° and could 
be reconverted to a native form by dilution of the sulfate and 
reheating the diluted solution at 100°. In this experiment, sedi- 
mentation constants of chymotrypsin and its diisopropyl phos- 
phory]! derivative were compared after both had been exposed to 
0.0075 m Na2SO, at 50° for 15 minutes. The s».,, value found 
for chymotrypsin was 31.5 and for diisopropyl phosphoryl 
chymotrypsin was 24.4 revealing a high degree of polymerization 
for both compounds. 

Molar Ratio of Sulfate to Chymotrypsin after Inactivation—Ex- 
periments designed to determine the molar ratio of sulfate to 
chymotrypsin in the heat inactivated polymer were carried out 
by inactivating chymotrypsin at 50° in the presence of S**- 
labeled Na2SO,. It was found that during the prolonged dialysis 
period necessary to remove the sulfate ion from a solution of un- 
heated monomer used as a control, extensive changes of an 
irreversible nature occurred in the heat inactivated sample even 
at 0°. Enzymic activity of the dialyzed preparations could only 
be partially restored by the usual reactivation procedure. For 
example, in one experiment shown in Table V (Experiment 1) 
7.5 moles of sulfate were present per mole of chymotrypsin ini- 
tially; the moles of sulfate were determined by radioactivity and 
number of moles of chymotrypsin from the absorbancy of the 
solution at 282 my (7) and the molecular weight 24,000 (8). 
After 20 hours of dialysis against 0.001 Nn HCl at 2 to 4°, the 
unheated control sample still retained 0.35 mole of S**O,~ per 
mole of chymotrypsin and 83.5% of its enzymic activity; the 
inactivated sample retained 0.68 mole of S*O,- per mole of 
chymotrypsin and no enzymic activity. The inactivated sample 
could be reactivated to 55% of the initial enzymic activity. 
The difference in moles of sulfate per mole of chymotrypsin be- 
tween the inactivated sample and the control is 0.33 mole of 
$%50,- per mole of chymotrypsin which is equivalent to 0.6 mole 
of SO,~ per mole of reactivatable chymotrypsin (55% of the total 
protein). This ratic, 0.6, was variable since a lower value was 
obtained in the second experiment of Table V under conditions 
of dialysis sufficiently prolonged to lower the S** content of the 
control sample to an insignificant amount. 

The initial rate of dialysis could be increased by dialyzing 
against 0.005 n HCl but as shown in Experiment 2 of Table V, 
to reduce the 5*5O,- content of the control to a neglible’ value, 
0.04 mole per mole of chymotrypsin, 43 hours of dialysis were 
required. At the end of this period, the inactivated sample had 
regained some enzymic activity spontaneously and had retained 
only 0.10 mole S*°O, per mole of protein. Of the inactive protein 
remaining (93.2% of the total) only 29.7% could be reactivated 
by heating. If it is assumed that all the S*O,.- remaining is 
associated with the reactivatable form of chymotrypsin, then 
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TaBLeE V 
Molar ratio of S**0,- to chymotrypsin after heat inactivation 
Chymotrypsin was dissolved in 0.005 n HCl containing 0.0075 Na2S*50,. The control samples were unheated and the experimental 
samples were heated at 50° for 10 minutes. Total protein in each sample was determined spectrophotometrically; the dialyzed samples 
were centrifuged before absorbancy measurements. In Experiment 1, the samples were dialyzed against 0.001 n HCl and in Experi- 
ment 2, against 0.005 Nn HCl. The inactivated samples were reactivated for assay of enzymic activity by heating at 100° for 2 minutes. 


Enzymic activity 
Experiment Sample Time of Chymotrypsin gas —. 
dialysis Chymotrypsin After 
reactivation 
hrs umoles/ml c.p.m./ml pumoles/ml moles/mole % of control 
1 Control (unheated) 0 0.0745 493 ,000 7.5 101 100 
Heat inactivated 0 0.0745 493 ,000 7.5 101 0 
Control 20 0.0707 1,140 0.0175 0.35 83.5 
Heat inactivated 20 0.0733 3,190 0.0485 0.68 0 55.0 
2 Control (unheated) 0 0.0728 397 ,600 7.5 103 100 
Heat inactivated 0 0.0728 397 ,600 7.5 103 0 
Control 22 0.0705 978 0.0184 0.26 90.0 
Heat inactivated 22 0.0678 2,360 0.0445 0.66 5.0 67.2 
Control 43 0.0624 130 0.0025 0.04 85.5 : 
Heat inactivated 43 0.0587 303 0.0057 0.10 6.8 34.5) 


there is approximately 1 sulfate retained for every 3 reactivat- 
able chymotrypsin molecules. Such a ratio is difficult to inter- 
pret unless it is assumed that some of the inactive form exists in 
an intermediate configuration which is converted to the active 
form slowly at 0° and very rapidly at 100°. The spontaneous 
reappearance of a small fraction of enzymic activity in the heat 
inactivated samples at low sulfate concentrations lends some 
support to this interpretation. An attempt to detect by ultra- 
centrifugal analysis a species intermediate in configuration be- 
tween the sulfate-inactivated chymotrypsin and the reactivated 
monomer was unsuccessful. The ultracentrifugal patterns of the 
inactivated samples which had been dialyzed for long periods 
and whose enzymic activity could only be partially restored, did 
not reveal more than one species. Within the precision of the 
measurements, all the protein could be accounted for in the single 
peak observed. The sedimentation constants of four samples of 
Experiment 2 in Table V were determined. The control and 
inactivated samples dialyzed for 22 hours yielded 829,,, values of 
2.70 and 17.7, respectively, in a double sector cell and after 43 
hours of dialysis the control sample again had an 829, value of 
2.70 and the inactivated sample had an 829,,, value of 18.9. 


DISCUSSION 


The various transformations which chymotrypsin (ChT) can 
undergo in the pH range 2.0 to 3.0 and temperature range 30 to 
50°, may be represented by the following scheme: 


ChT (native) | | Ia 


heat 


II 
ChT (denatured) ———~ ChT (irreversibly denatured) 


heat | +80," 


IIIb — SO, | | 


IV . 
ChT (inactive) ———~ ChT (irreversibly denatured) 
polymer 


The reversible changes in structure which occur in the trans- 
formation of native to denatured chymotrypsin (Ja) are reflected 
in changes in solubility and optical rotation (4). The results of 
this investigation indicate that the structure of chymotrypsin 
has been changed in this transition in such a manner as to permit 
interaction of the denatured chymotrypsin with sulfate ions fol- 
lowed by aggregation. The polymeric form of chymotrypsin 
which results from this process (I]Ja) has sulfate trapped in its 
structure. The sulfate is no longer in equilibrium with sulfate 
ions in solution at 0° as evidenced by the fact that the transfor- 
mation is not reversed by lowering the concentration of sulfate 
ions. In order to reverse the transformation, in addition to low- 
ering the sulfate concentration, the polymer must be heated to 
the transition temperature for denaturation of the native, mono- 
meric chymotrypsin (J/]b). Upon cooling the chymotrypsin 
reverts to the native form. Complete reversal is never ac- 
complished because of concomitant irreversible denaturation 
processes (IJ and IV). Two different pathways of irreversible 
denaturation are included because of the different rates of irrevers- 
ible denaturation observed for the monomer and polymer at low 
temperatures. It was pointed out from the data in Table V 
that after prolonged dialysis the polymeric form had suffered a 
great loss in its ability to regain enzymic activity but that the 
monomeric form subjected to the same period of dialysis exhib- 
ited a small loss in enzymic activity. 

It is well known that small changes in environment or struc- 
ture may cause the association of proteins. The factors involved 
in the aggregation of globular proteins have been discussed by 
Pauling (9) who pointed out that at some stage in the process of 
denaturation or unfolding of a polypeptide chain, molecules 
which originally had no power of combining with one another 
would develop complementary regions and consequently aggre- 
gate. There is no evidence that such an aggregation phenom- 
enon occurs when chymotrypsin or chymotrypsinogen is dena- 


tured by heat at pH 2.0 to 3.0. It would appear that interaction — 


of denatured chymotrypsin with sulfate ions creates the neces- 
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sary complementary regions which lead to aggregation. Quanti- 
tative estimation of the amount of sulfate bound to the protein 
is complicated by continual irreversible changes occurring with 
the polymer. Nevertheless, it is clear from the experiments 
with S** sulfate that the amount of sulfate tightly bound in the 
polymer structure is of the order of 1 mole per mole of chymo- 
trypsin monomer unit. 

The appearance of dimeric forms of native a-chymotrypsin 
above pH 2.3 has been ascribed by Egan et al. (10) to the emer- 
gence of negative charges on w-carboxyl groups of the dicarbox- 
ylic acids. The binding of dinegative sulfate ions to the denatured 
form of chymotrypsin may induce changes in structure similar 
to those induced by negative charges resulting from ionization of 
carboxyl groups at pH values in the region above 2.5. 

The loss of enzymic activity in the sulfate polymer would be 
anticipated if it is a polymer of denatured chymotrypsin. How- 
ever, the remote possibility that it is a polymer of native chymo- 
trypsin has not been rigorously excluded. Associated forms of 


- native chymotrypsin are also not enzymically active (11). The 


fact that chymotrypsin, chymotrypsinogen, and the diisopropyl 
phosphory] derivative of chymotrypsin undergo the same type of 
transformations of the denatured form in the presence of sulfate 
would suggest that a region or regions of the molecule which all 
three proteins have in common are involved in the polymeriza- 
tion process. 


SUMMARY 


The equilibrium between native and reversibly denatured 
a-chymotrypsin at acid pH has been studied as a function of 
temperature with solubility as a criterion of denaturation. It 
was found that the reversibly denatured form of chymotrypsin 
interacts with sulfate ions at concentrations as low as 0.005 m 
to form an enzymically inactive form which is a high polymer 
This inactive 
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tivated by diluting the sulfate and again heating to temperatures 
above which the native form is reversibly denatured. The in- 
activated form of chymotrypsin appears to retain less than 1 
mole of sulfate per mole of chymotrypsin upon prolonged di- 
alysis. The effect of sulfate ion on inactivation and reactivation 
is not specific since the dinegative pyrophosphate ion yields 
similar qualitative results. In addition, chymotrypsinogen and 
the diisopropyl phosphoryl] derivative of chymotrypsin may be 
polymerized and depolymerized in a manner analogous to 
chymotrypsin. The various structural changes of the chymo- 
trypsin molecule which may be involved in these transformations 
are discussed. 
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It has been demonstrated by studies in vitro and in vivo that 
two absorptive processes are involved in the intestinal absorption 
of amino acids. It is also apparent that the vitamins of the Be- 
group play a role in the “active” process of cellular uptake of 
amino acids (2) and that deoxpyridoxine (3) and 2,4-dinitro- 
phenol (3, 4), have an inhibitory effect upon active absorptive 
processes. 

We are presenting evidence that pyridoxal phosphate alleviates 
deoxypyridoxine- and 2,4-dinitrophenol-induced inhibition of 
methionine absorption, and that the inhibitory block is linked to 
the phosphorylation of the vitamin cofactor. These studies ex- 
tend our investigations on methionine absorption (5) and lend 
further support to the hypothesis that the Be-vitamins are in- 
volved actively in the absorptive process in the steady state. 


EXPERIMENTAL PROCEDURE 


Sodium chloride solutions of L-methionine were perfused 
through segments of the upper small intestine of the rat using a 
perfusion apparatus in situ previously described for the study of 
aminoacid and sugar absorption (5,6). With this apparatus the 
rate of perfusate flow and its temperature can be controlled, and 
samples can be removed for analysis without disruption of the 
system. Net load exchange and continuous absorption rates can 
be established for single animals in the steady state. 

Sprague-Dawley adult male white rats, fasted 18 to 20 hours, 
were used in all experiments. These animals had been main- 
tained on a stock regimen of Purina laboratory chow! up to the 
time they were fasted just before the perfusion experiments. 
Animals were anesthetized before cannulation and perfusion of 
the amino acid. Perfusate sampling and the amount of absorp- 
tion were determined by the usual method, starting with 20 mm 
L-methionine in 0.9% NaCl in the circulating perfusion system 
(5). 

Methionine levels of the perfusate were determined chemically 
by Horn’s modification (7) of Sullivan’s procedure for the anal- 
ysis of this amino acid. All determinations were made upon ap- 
propriately diluted perfusate samples; control standards were 


* This work was supported in part by a research grant from the 
National Institutes of Health (A-2023), United States Public 
Health Service. A preliminary report was presented previously 
(1). 

+ Present address, Abbott Laboratories, North Chicago, Il- 
linois. 

t Present address, University of Washington, School of Medi- 
cine, Seattle, Washington. 

1 Manufacturer’s analysis, pyridoxine 4.3 p.p.m. 


used for each analysis. Both the continuous rate and the net 
load absorbed over 1 hour periods were determined. 

For these studies the animals were divided into a series of 
groups as follows: a group of control animals received no extra 
vitamins or antagonist; the second group received pyridoxine; 
the third, deoxypyridoxine; the fourth, deoxypyridoxine then 
pyridoxine; the fifth, DNP;? the sixth, DNP then pyridoxine; the 
seventh, pyridoxine then DNP; the eighth, DNP then pyridoxal 
phosphate; the ninth, pyridoxal phosphate then DNP; and a 
group maintained on a pyridoxine-free diet.’ 

The vitamins and antagonists were injected intraperitoneally 
as aqueous solutions, deoxypyridoxine as its hydrochloride at a 
dose level of 0.5 mg and pyridoxine (as the hydrochloride) and 
pyridoxal phosphate in equimolar amounts. DNP was admin- 
istered at a dose level of 10 mg per kg body weight. 


RESULTS 


Effect of Deoxypyridoxine, DNP, and Pyridoxine-free Diet upon 
Intestinal Absorption of t-Methionine 


One group of this series was injected intraperitoneally with de- 
oxypyridoxine, another group with DNP, each group having re- 
ceived the antagonist 1 hour before perfusion. The absorption 
patterns in these animals, a control group, and animals main- 
tained on a pyridoxine-free regimen of 34 and 44 days duration 
are plotted in Fig. 1. There is a marked depression in the in- 
testinal absorption of L-methionine induced by these antagonists 
and the vitamin-free dietary. This depression is exhibited both 
for the continuous rate of absorption and for the net load ab- 
sorbed over the 1 hour experimental periods. 


Alleviation of Deoxypyridoxine-induced 
Inhibition by Pyridoxine 

One group of this series was injected with pyridoxine, two with 
deoxypyridoxine, one of which was followed } hour later by pyr- 
idoxine. In all instances the initial injections were adminis- 
tered 1 hour before perfusion with the amino acid. The result- 
ing absorption rates are presented in Fig. 2 with the data obtained 
from the control group. 

It was found that pyridoxine significantly stimulated the ab- 
sorption to a level above that of control animals (p < 0.01) and 
that pyridoxine alleviated the effects of the antimetabolite, de- 


2 The abbreviation used is: DNP, 2,4-dinitrophenol. 
3 Pyridoxine-free Test, Diet, manufactured by Nutritional Bio- 
chemicals Corporation. 
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oxypyridoxine, bringing the absorption pattern back to that of 
the controls. 


Effects of Pyridoxine upon DN P-induced Inhibition 


Three groups of this series were injected with DNP 1 hour be- 
fore perfusion. Of these groups one was injected with pyridoxine 
1 hour before the administration of DNP and another, } hour 
after the DNP administration. The absorption patterns for 
these animals are shown in Fig. 3. There was no significant al- 
leviation of the DNP-induced inhibition by pyridoxine, adminis- 
tered either before or after the DNP. All groups exhibited de- 
pressed absorptive ability. 


Effects of Pyridozal Phosphate upon DN P-induced Inhibition 


Three groups of this series of rats were similarly injected with 
DNP. Of these, one was treated with pyridoxal phosphate 3 
hour before the administration of DNP and another, } hour after 
DNP administration. The rate and net load of absorption are 
plotted in Fig. 4. The findings demonstrate that vitamin Be as 
pyridoxal phosphate both protects against and alleviates the 
DNP-inhibited absorptive process. This protection and alle- 
viation is more pronounced in those instances where the pyri- 
doxal phosphate is administered before the DNP rather than 
after; however, in either order of administration the resulting 
pattern of absorption was significantly different from the DNP- 
inhibited absorption (p < 0.001) and not significantly different 
from the control group (p < 0.8 and < 0.3, respectively). 

The data presented in the above series of experiments were 
grouped and analyzed statistically for their significance. There 
was definite inhibition of intestinal absorption of L-methionine 
in those animals to which deoxypyridoxine, or DNP had been 
administered, or which had been maintained upon a pyridoxine- 
free regimen (8). Pyridoxine alleviated the inhibition induced 
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Fig. 1. The inhibitory effects of deoxypyridoxine, DNP, and a 
pyridoxine-free diet upon methionine absorption. Left Continu- 
ous absorption rates for the control group (O); those injected with 
deoxypyridoxine (A); those with DNP (0); and rats fed a pyri- 
doxine-free diet (&). Right The net loads absorbed for these 
respective groups (the same symbolism applies) after 1 hour of 
perfusion, taking into account samples removed for simultaneous 
absorption rate determinations. The bracket to the upper right 
of each bar on the figure indicates the standard deviation for the 
respective group. 

Confer Table I for the number of animals used and the standard 
deviation values for all points given in this and subsequent figures. 
= values are based upon cannulated intestinal segments 10 em 
ong. 
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Fic. 2. The alleviation of deoxypyridoxine-inhibited intestinal 
absorption of methionine by pyridoxine. Left Continuous ab- 
sorption rates for the control group (O); those injected with 
pyridoxine (©); those with deoxypyridoxine (A); and those with 
deoxypyridoxine then pyridoxine (4). Right The net loads ab- 
sorbed after 1 hour of perfusion for these respective groups (the 
same symbolism applies). The bracket to the upper right of each 
bar indicates the standard deviation for the respective group. 
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Fig. 3. The effect of pyridoxine on DNP-inhibited intestinal 
absorption of methionine. Left Continuous absorption rates for 
the control group (O); those injected with DNP ((Q); those with 
pyridoxine then DNP (A); and those with DNP then pyridoxine 
(A). Right The net loads absorbed after 1 hour of perfusion for 
these respective groups (the same symbolism applies). The 
bracket to the upper right of each bar indicates the standard devi- 
ation for the respective group. 


by deoxypyridoxine but not that induced by DNP.  Pyridoxal 
phosphate both protected against and alleviated DNP-induced 
inhibition. The presence of excess pyridoxine stimulated the 
absorption of methionine when administered to rats on an other- 
wise normal diet. These data are presented with their statis- 
tical analyses in Table I. 


DISCUSSION 


These experiments were designed to permit the simultaneous 
study both of the continuous absorption pattern and the net 
load exchange on the same animal in the steady state. They 
permit examination of the effects of the antimetabolites deoxy- 
pyridoxine and DNP upon the intestinal absorption of L-methi- 
onine and the alleviation of induced inhibition, by vitamin fac- 
tors of the Bs group. 
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Fig. 4. The alleviation and prevention of DNP-inhibited in- 
testinal absorption of methionine by pyridoxal phosphate. Left 
Continuous absorption rates for the control group (O); those in- 
jected with DNP ((); those with pyridoxal phosphate then DNP 
(&); and those with DNP then pyridoxal phosphate (A). Right 
The net loads absorbed after 1 hour perfusion for these respective 
groups (the same symbolism applies). The bracket to the upper 
right of each bar indicates the standard deviation for the respec- 


tive group. 


Since all animals but one group were maintained on a stock 
diet, the effects of treatment (antimetabolite or vitamin) were 
not due to dietary causes but the agents being used. We have 
shown that there is a significantly inhibited absorption of methi- 
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onine induced by deoxypyridoxine, DNP, and extended periods 
of time on a pyridoxine-free diet (34 and 44 days). These find- 
ings in general might have been expected, but it is interesting to 
note the similarity between the groups of rats receiving either 
deoxypyridoxine or DNP. The inhibition effected by dietary 
depletion is progressively greater with time, the longer this reg- 
imen is followed, the greater is the inhibition to a point of about 
20% of the load perfused. This latter inhibition can be reversed 
by replacement with pyridoxine (8). 

The alleviation of deoxypyridoxine-inhibition by pyridoxine 
was found to be quite rapid, since the rats had been injected with 
the antivitamins 1 hour before perfusion, and again a half hour 
before perfusion with pyridoxine. The degree of alleviation of 
the antagonist was statistically within the range of the control 
group, even though the mean values were slightly higher. The 
treatment with pyridoxine itself stimulated absorption signifi- 
cantly above that for the control group. 

Inhibition of absorption induced by DNP was not significantly 
alleviated by treatment of the animal with pyridoxine but was 
by pyridoxal phosphate. Even though there was no significant 
alleviation when pyridoxine was administered before DNP, there 
was found to be a slight effect, as measured by the mean values 
for the group. This alleviation appeared to be greater both for 
the pyridoxine and pyridoxal phosphate groups before DNP than 
those following DNP administration. 

The vitamin Bg as a prosthetic group exists as pyridoxal 5- 
phosphate. This coenzyme is apparently involved in the absorp- 


TABLE I 
Intestinal absorption of 20 mm L-methionine* 


Continuous absorption rate¢ Probability values’ 
Group Net load? 
mals | change? 30 min Set. 60 mi in hour os. vs. deoxy- pS. 
control {pyridoxine} DNP 
ml % % % % % 
Control 14 |—0.25 |13.40 + 4.51¢ |29.06 + 6.54¢ 41.23 + 6.09¢ [51.27 + 6.55¢ |49.02 + 7.30¢ <0.001 |<0.001 
Pyridoxine 9 |—0.01 |18.10 + 6.80 (39.24 + 6.84 [53.60 + 9.81 (65.20 + 9.96 (61.00 + 9.48 |<0.01 /|<0.001 |<0.001 
Deoxypyridoxine} 9 |—0.64 | 9.28 + 4.52 |18.59 + 6.77 |25.67 + 4.30 (34.43 4 4.18 (31.91 + 3.89 /|<0.001 <0.1 
Deoxypyridoxine} 8 |—0.13 |13.48 + 7.14 /28.81 + 9.49 |46.38 + 8.13 (55.98 + 7.34 [52.17 + 6.64 |<0.001 
then pyridoxine 
Dinitrophenol 12 |—0.10 | 9.35 + 3.65 [17.39 + 5.17 |24.27 + 9.73 |29.81 + 5.43 |28.16 + 5.07 |<0.001 |<0.01 
DNP then pyri- 4 |—0.20 | 8.09 + 2.22 (15.22 + 4.65 (24.83 + 3.13 (31.17 + 1.46 (29.05 41.47 |<0.001 <0.8 
doxine 
Pyridoxine then 5 |+0.00 (13.61 + 2.79 (21.54 + 3.47 |27.60 + 3.49 (36.30 + 3.86 [34.01 + 3.59 |<0.01 <0.3 
DNP 
DNP then pyri- 4 |—0.13 17.43 + 2.88 |26.42 + 4.17 (41.52 8.08 |47.24 + 10.13 |44.34 + 9.42 |<0.3 <0.001 
doxal _phos- 
phate 
Pyridoxal phos- 5 |—0.07 |18.38 + 3.89 |33.31 + 13.23 /44.92 + 13.32 54.24 + 16.08 /50.90 + 15.03 |<0.8 <0.001 
phate then 
DNP 
Deficient diet: 
34 days 1 |—0.45 6.81 12.28 15.00 23.14 21.51 
44 days 1 |—0.45 2.96 11.78 16.20 20.63 19.20 


* Absorption is expressed in respect to intestinal segments 10 cm long, located approximately 3 to 13 cm distal to the pylorus. 
+ Negative values indicate the mean loss in the circulating perfusate volume as measured at the termination of perfusion experi- 


ments. 


¢ These mean values are expressed as the percentage of the initial concentration of methionine perfused (zero time) in respect to 
the times indicated. 

¢ The values for the net load absorbed are based upon measured volume and concentration, taking into account samples removed 
for the continuous absorption studies. 

¢ These values are calculated standard deviations of the mean values given in each instance. 

4 Probability derived from the test of significance applied in respect to the net load exchange. 
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tive process studied here. The Bs vitamins by way of a reaction 
with ATP are converted to their respective phosphates (9). 
DNP, a substance capable of blocking this system of phospho- 
rylation, should then interfere with the conversion of pyridoxine 
to pyridoxal phosphate. If this metabolic block is responsible 
for pyridoxal phosphate formation or reformation, then the DN P 
should block absorption, assuming that this cofactor is necessary 
for active absorption. More pyridoxine would not be expected 
to pass through the blocked sequences after DNP poisoning, but 
might be converted to pyridoxal phosphate to a limited extent 
if administered before the DNP. However, pyridoxal phosphate 
itself, independent of the synthetic phosphorylation system, 
should then alleviate or remove the DNP block to absorption, 
regardless of whether it were administered shortly before or after 
the DNP. This was found to occur in our preparations in situ 
in rats in the steady state. We cannot explain, at this time, the 
stimulatory effect of pyridoxine by itself. Pyridoxal phosphate 
by itself does not seem to stimulate absorption above that which 
is normal.‘ 


SUMMARY 


Intestinal absorption of L-methionine has been studied by a 
perfusion technique in situ which allows for study of the con- 
tinuous rates and net load absorbed from perfused upper small 
intestinal segments. Absorption was markedly inhibited by de- 


4J. M. Poston, unpublished data. 
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oxypyridoxine and 2,4-dinitrophenol (DNP) when these anti- 
metabolites were administered to rats before perfusion with the 
amino acid. Rats maintained on a pyridoxine-free diet likewise 
exhibited a depressed ability to absorb. 

Pyridoxine was shown to alleviate the inhibited intestinal ab- 
sorption induced by deoxypyridoxine, but failed to alleviate 
DNP-induced inhibition. DNP-induced inhibition was allevi- 
ated by the injection of pyridoxal phosphate either before or 
after DNP was administered. 


Acknowledgment—The authors express their appreciation to W. 
F. Belk for his help in the statistical analyses of the data. 
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After the discovery of methods for the isolation of bacterial 
cell walls (1), it was established that walls of gram-positive organ- 
isms contain relatively few amino acids. The most frequently 
occurring and abundant of these are alanine, glutamic acid, 
aspartic acid, lysine, and diaminopimelic acid. Walls of gram- 
positive organisms also contain large amounts of sugars and 
amino sugars and are relatively devoid of free lipid material 
(see (2-4) for recent reviews). The unusual observation that 
p-alanine is a nutritional requirement for some lactic acid bac- 
teria under certain conditions (5) led to the finding that walls of 
these organisms are high in both p-alanine (6, 7) and p-glutamic 
acid (7). Subsequently, this was shown to be true for many 
other organisms (8). More recently, D-aspartate has been dem- 
onstrated in walls of Streptococcus faecalis (9). 

Most studies of the amino acid composition of the cell wall 
have been qualitative in nature, and very few data concerning 
distribution of the amino acids between pb- and L-isomers are 
available. Similarly, little is known of the quantitative var- 
iations in wall composition that may occur in closely related 
organisms. Accordingly, a chemical investigation of the com- 
position of the cell walls of several lactic acid bacteria was 
undertaken with results reported herein. 


EXPERIMENTAL 


Test Organisms, Growth Media, and Cultural Conditions—The 
organisms studied and the growth media used are given in Table 
I. Cells grown initially at 37° for 18 to 24 hours in 10 ml of a 
medium containing 1% each of yeast extract, peptone, and glu- 
cose were centrifuged, washed once with sterile water, and used 
to inoculate 200 ml of growth medium. After 18 to 24 hours of 
growth at 37°, the resulting culture was used directly to inocu- 
late 10 liters of growth medium. After 24 hours the resulting 
cells were harvested in a Sharples centrifuge and washed twice 
with water. A small aliquot of the cells was lyophilized to de- 
termine the yield of cells (Table 1). 

Preparation of Cell Walls—The washed cells were suspended 
in water (approximately 250 mg wet weight per ml) and treated 
in a Raytheon 10-ke sonic oscillator for 1 hour. Staining with 
methylene blue indicated almost complete breakage. The sus- 
pension was centrifuged at 25,000 x g for 25 minutes. The 
sedimented material, consisting chiefly of cell walls admixed with 
a few unbroken cells, was digested first with crystalline trypsin 
and ribonuclease and then with pepsin, as described by Cummins 
and Harris (12). The mixture was then centrifuged at 25,000 x 
g for 25 minutes and the precipitate was resuspended in water 
and centrifuged at 600 X g for 10 minutes. The sedimented 
material included any unbroken cells and was discarded. The 


* Supported in part by a grant (E-1575) from the United States 
Public Health Service. 


supernatant suspension was then centrifuged at 7,500 x g for 
20 minutes to sediment the cell wall fraction. This was resus- 
pended in water and lyophilized. Preparations which, after 
hydrolysis and two-dimensional paper chromatography, showed 
dense ninhydrin-reactive spots due to amino acids other than 
alanine, glutamic acid, aspartic acid, lysine, diaminopimelic acid, 
and the amino sugars were redigested with trypsin, ribonuclease, 
and pepsin. The yield and phosphorus content (13) of the cell 
walls are listed in Table I. 

Nonnitrogenous Reducing Sugar Constituents—Wall samples 
(approx. 20 mg) were heated with 3 ml of 2 Nn sulfuric acid in a 
boiling water bath for 2 hours. The hydrolysates were cooled 
and neutralized carefully with solid barium hydroxide. The 
barium sulfate was centrifuged off, the supernatant solutions 
were evaporated to dryness in a vacuum desiccator, and the 
residues taken up in 0.2 ml of water. Two-dimensional chro- 
matograms were run, with water-saturated phenol in an acetic 
acid atmosphere as the first solvent, and 2,4-lutidine-water 
(65:35) as the second solvent. After drying, the chromato- 
grams were sprayed with aniline hydrogen oxalate spray (14). 

Quantitative Reducing Sugar Determinations—Total reducing 
sugar was determined (as glucose equivalents) directly on sus- 
pensions (250 ug per ml) of the cell wall preparations by the 
anthrone method (15) and by ultraviolet spectral measurements 
after heating for 15 minutes at 100° in 79% sulfuric acid (16). 
Absorption maxima in the 325 my region following the latter 
treatment are characteristic of methylpentoses (t.e. rhamnose) 
the amount of which was calculated from the absorbancy in this 
region after subtracting that due to the other reducing sugars 
(16). The amounts of the latter need be known only approxi- 
mately, since their absorbancies in the 325 my region are only 
about one-fifth those of the methylpentoses. For those walls 
that showed an absorption maximum at 325 my it was assumed 
as a first approximation that all of the anthrone value was due to 
glucose and all absorption at 325 mu was due to rhamnose. The 
rhamnose content was then calculated by the method of succes- 
sive approximations. 

Ribitol and Glycerol—Chromatograms of cell wall hydrolysates 
prepared as described above were developed in n-butanol-acetic 
acid-water (4:1:1) and sprayed either with periodate-benzidine 
(17) or periodate-Schiff reagent (18). In this and several other 
solvent systems tested glycerol and 1 ,4-anhydroribitol, arising 
from ribitol during hydrolysis, move almost identically but faster 
than the other sugar components. However, anhydroribitol 
gives an intense blue color within 1 hour with the periodate- 
Schiff reagent spray, and is thus readily distinguished from 
glycerol (even if the latter is present), which gives a white spot 
against a light grey background after 1 day. The results of the 
determinations for reducing carbohydrates, ribitol, and glycerol 
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are given in Table II; the significance of the quantitative deter- 
minations is discussed in a subsequent section. 

Qualitative Detection of Amino Acid and Amino Sugar Con- 
stituents—Cell wall samples (10 mg) were hydrolyzed by heating 
in sealed tubes with 1.5 ml of 3 n hydrochloric acid overnight at 
105-110°. Each hydrolysate was centrifuged, the supernatant 
solution evaporated to dryness in a vacuum desiccator over solid 
sodium hydroxide, and the residue dissolved in 0.2 ml of water. 
Chromatograms were prepared, developed in two dimensions, 
with water-saturated phenol in an ammonia atmosphere as the 
first solvent and 2,4-lutidine-water (65:35) as the second sol- 
vent, and sprayed with ninhydrin. The results are shown in 
Table IIT. 

Quantitative Determination of Amino Acid and Amino Sugar 
Constituents—Samples (100 mg) of the cell walls were hydrolyzed 
and dried as described above. The residues were fractionated 
on Dowex 1 and Dowex 50 columns (7) to separate the individ- 


TABLE I 


Culture media used, cell and cell wall yields, and phosphorus content 
of cell walls of the lactic acid bacteria examined 


| 

| 
se | ss | 

Lactobacillus acidophilus 832 | 10 | a | 0.34 | 12.3 | 1.7 
Lactobacillus bulgaricus 7993 | 10 a} 0.35 9.2) 2.2 
Lactobacillus casei 7469 | 11) 6b | 0.57 | 12.3 | 0.3 
Lactobacillus delbrueckii 730 9649 | 11 | ¢ | 0.48 | 10.4 / 1.3 
Lactobacillus fermenti 36 9338 | 10 | 0.22 | 0.4 
Lactobacillus helveticus H-80 10 | e | 0.62 | 10.0 | 0.6 
Lactobacillus lactis 104 11061 | 10 | a | 0.20 | 13.3 | 1.4 
Lactobacillus pentosus 124-2 11 | f | 0.48 | 15.7 | 2.1 
Lactobacillus plantarum 17-5 8014 | 11 | f | 1.25 | 10.5 | 2.1 
Lactobacillus 30a 10 | g | 0.20} 0.9 
Leuconostoc citrovorum 8081 | 11 | 0.48 | 9.0) 1.4 
Leuconostoc mesenteroides P-60 | 8042 | 11 | f | 0.38 | 14.6 | 1.5 
Streptococcus faecalis R 8043 | 11 7 0.52) 6.0) 1.2 


* The single-strength media described in the references cited 
were modified as follows. a. Pantethine (800 ug/l), hypoxanthine 
(60 mg/l), and yeast extract (1 g/l) added. 6. Pyridoxal hydro- 
chloride (400 ug/l) and enzymatic casein digest (5 g/l) added, 
sodium citrate omitted, sodium acetate changed to 6 g/I and salts 
Aand B to 10 ml each per liter. c. Pyridoxamine dihydrochloride 
(400 ug/l), L-histidine monohydrochloride (100 mg/l), Tween- 
oleate (10) (1 ml/1), and yeast extract (1 g/l) added, sodium ace- 
tate changed to 0.5 g/l] and salts A and B to 10 ml each per liter. 
d. Calcium pantothenate (800 wg/l) and hypoxanthine (60 mg/1) 
added. e. Pantethine (800 ug/l) and hypoxanthine (60 mg/I) 
added. f. Pyridoxamine dihydrochloride (400 ug/l) and yeast 
extract (1 g/l) added, sodium acetate changed to 0.5 g/I and salts 
A and B to 10 ml each per liter. g. Calcium pantothenate (800 
ug/l), hypoxanthine (60 mg/l), enzymatic casein digest (5 g/1), 
and yeast extract (10 g/l) added. A. Leucovorin (30 ug/l), pyri- 
doxamine dihydrochloride (400 ug/l), and yeast extract (1 g/l) 
added, sodium acetate changed to 0.5 g/l and salts A and B to 10 
ml each per liter. 7. Pyridoxamine dihydrochloride (400 ug/l) 


added, sodium acetate changed to 0.5 g/l and salts A and B to 10 
ml each per liter. 
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TaBLeE II 
Nonnitrogenous sugars and sugar alcohols of cell walls of lactobacilli 
Glucose 
Qualitative constituents equivalents = = 
(% of wall) 3 
o£ 
(mp) 
L. acidophilus + — | trace) —| + (16.5) 21 305 
L. bulgaricus - + |3 8.5 | 205 
L. casei4 + > trace) + —| — (43 | 14¢ | 32 
L. delbrueckii + | +! + /31.5) 13.5% 324 | 20 
L. fermenti + + - 33.5) 61 303 
L. helveticus’ ? —| + |10 | 33 300 
L. lactis + — = 4 8.5 | 309 
L. pentosus +! — trace +) + |17 | 21 306 
L. plantarum‘ + | +!) + /14.5 18 307 |<1 
L. 30a 13 18 302 
L. citrovorum + —| + 11 305 
L. mesenteroides | + + |32 | 14¢ | 20 
S. faecalis +) — + | +) + (38 | 17¢ | 324] 23 


* Detected with periodate-Schiff reagent spray (see text). 

>’ Detected with periodate-benzidine spray (see text). 

¢ Solution obtained by heating cell walls in 79% sulfuric acid 
15 minutes at 100° (see text). 

4 A slow moving reducing sugar (/?p 0.06) was detected on chro- 
matograms run in butanol-acetic acid-water (4:1:1). 

¢ Since the adsorbancy due to methylpentoses at 325 my and 
that due to hexoses at 300 to 309 my are not additive at any par- 
ticular wave length, the values for glucose equivalents given here 
are those obtained by the anthrone method corrected for color 
due to rhamnose, as calculated from the absorbancy at 325 mu. 

‘ Traces of arabinose were detected in these preparations. 


ual ninhydrin-reactive (19) compounds. Fractions containing 
these compounds were concentrated to dryness in a vacuum to 
remove excess hydrochloric acid and the residues taken up in 5 
ml of water. The amino acids and amino sugars were deter- 
mined by the following methods. A quantitative study of Lacto- 
bacillus fermenti cell wall was not made because of insufficient 
material. 

A. The ninhydrin method of Yemm and Cocking (19) was 
used for each of the ninhydrin-reactive compounds separated by 
the Dowex columns. Alanine was used as the primary color 
standard; where the compound gave a different molar color value 
from alanine, the true color value for that compound was deter- 
mined and the analytical values were appropriately corrected. 

B. Ammonia was determined on separate hydrolysates of the 
cell walls by aeration into acid and nesslerization as described 
by Johnson (20). 

C. Total glutamic acid was determined microbiologically with 
Lactobacillus pentosus 124-2, which responds both to p- and to 
L-glutamic acid (7), and the basal medium of Steele et al. (21). 
The response to limiting quantities of p-glutamic acid is slower 
than that to L-glutamic acid, but eventually reaches the same 
level. Growth was determined photometrically after 48 to 72 
hours. 

D. t-Glutamic acid and L-lysine were determined microbio- 
logically with S. faecalis R in the basal medium of Steele et al. 
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TaBLeE III 
Nitrogen-containing constituents of cell walls 
— Major amino acids 
Organism B18 Minor amino acids 
|» 
L. acidophilus | +) —| +} +/+) + | + | —]| Gly.Ser.Thr. 
His. Val. Leu* 
L. bulgaricus | +) —| + ++) + | + | —| Gly.Ser.Thr. 
His. Val. Leu 
L. casei +) —| +) + | +! -—| Val. Leu 
L. delbrueckit | +| + | + | —| Gly.Ser. His. Val. 
Leu 
L. fermenti +) +) +/+) + | + | Ser. Val. Leu 
L. helveticus +) —| +) + | -| Gly.Ser. His. Val. 
Leu 
L. lactis +) —| +) +/+; + | + | —} Gly.Ser. His. Val. 
Leu 
L. pentosus +) —| +) tr. | tr. | +) Gly. Val.Leu. 
Arg, unidenti- 
fied 
L. plantarum | +) —| +) tr. | — | +) Ser. Val.Leu 
L. 30a +) +/ +/+) — | — | Val. Leu 
L. citrovorum | +| —| +/+) + | + | —| Ser. Val. Leu 
L. mesenter- +) —| +) ++) + | + Gly.Ser.Thr. 
oides His. Val. Leu 
S. faecalis +) +) +) +/+) + | +) Ser. Val. Leu 


* Abbreviations: Leu = leucine and isoleucine. 


(21). The organism does not respond to p-glutamic acid or to 
p-lysine (7). 

E. Total alanine and total aspartic acid were determined in 
the basal medium of Steele et al. (21) with Leuconostoc citrovorum 
8081 as test organism. Although p-aspartate and p-alanine per- 
mit the same final response as their L-isomers, the response to 
p-aspartate is slower than that to L-aspartate. The assays were 
read photometrically after 48 hours. 

F. p-Glutamic acid was determined by Method C (see above) 
after quantitative removal of L-glutamic acid with the t-glutamic 
acid decarboxylase of Escherichia coli. For the latter purpose, 
a sample of the appropriate fraction containing about 5 umoles 
of glutamic acid was incubated with 10 mg of acetone-dried cells 
of E. colt (Crookes strain) in a total volume of 1.5 ml of 0.5 m 
acetate -buffer, pH 5.0. The mixture was shaken at 30° for 2 
hours, then centrifuged, and the supernatant solution assayed. 
Control experiments showed complete decarboxylation of L- 
glutamic acid and no change in p-glutamic acid after this treat- 
ment. 

G. p-Alanine was determined as pyruvate following oxidation 
with a partially purified preparation of sheep kidney p-amino 
acid oxidase in the presence of a little catalase (22). The pyru- 
vate formed was estimated spectrophotometrically as its 2,4- 
dinitrophenylhydrazone (23). On the scale used (0.1 to 0.5 
pumoles) control experiments gave 87 to 100% of the theoretical 
yield of pyruvate from D-alanine. 

H. t-Aspartic acid was converted by 8-decarboxylation (24) 
to alanine and the latter amino acid determined by Method E. 
For the decarboxylation, 5 wmoles of aspartate and 20 mg of 
lyophilized cells of Clostridium perfringens (24) were incubated 
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overnight in 2 ml of 0.5 mM acetate buffer pH 5.0, at 37° with 
shaking. Controls showed no alanine formation from D-aspartic 
acid and 92% conversion of L-aspartate to alanine. The results 
of these determinations are shown in Table IV. 


RESULTS AND DISCUSSION 


Reducing Carbohydrate Constituents—A large amount of re- 
ducing sugar is present in most of the cell walls tested (Table 
II), and both the amount and kind of sugar present vary greatly 
from one species to another. For most preparations, values de- 
termined from spectral measurements of solutions heated with 
sulfuric acid were 4 to 5% higher than those given by the an- 
throne method. This discrepancy results principally from the 
presence of glucosamine, which does not contribute color in the 
anthrone method, but has an absorbancy index 0.3 that of glu- 
cose at 300 my where products from glucose give maximal ab- 
sorption (16). Since all of the cell walls contain about 9% amino 
sugars (Table IV), the glucose equivalents by the sulfuric acid 
procedure should be approximately 3% higher because of their 
presence. The much larger discrepancies in the cell walls of L. 
fermenti and Lactobacillus helveticus result from the presence of 
galactose in these preparations. Galactose gives only 0.53 of the 
color yield of glucose by the anthrone method, but gives 1.2 
times the “color” value of glucose by the sulfuric acid method 
(16). These results indicate that only one major reducing sugar, 
galactose, is present in the cell wall of L. helveticus and that 
galactose is the principal sugar of the L. fermenti wall. 

Those preparations, except Lactobacillus plantarum, in which 
rhamnose was detected qualitatively have an absorption maxi- 
mum in the 325 my region and contain large amounts of this 
sugar (Table II). Thus, rhamnose is a major constituent of the 
wall of several of these bacteria, a minor component of the wall 
of L. plantarum, and is absent altogether or present only in traces 
in the walls of several other lactobacilli. Glucose alone or glu- 


cose and rhamnose are the common nonnitrogenous reducing } 


sugars present in walls of most of the organisms tested. Lacto- 
bacillus bulgaricus is of interest, since its wall contains no major 
reducing sugar component. However, experiments with larger 
amounts of cell wall show the presence of about 2% of galactose 
in the walls of this organism. 

Lack of any major absorption bands in wall preparations in- 
cubated with 79% sulfuric acid for 2 hours at 25° showed the 
absence of keto sugars and nucleotides in these preparations (16). 

Our results are in general agreement with those of Cummins 
and Harris (12) for Lactobacillus acidophilus, L. fermenti, and L. 
plantarum. The major differences seem to be our finding of galac- 
tose instead of glucose in the wall of L. helveticus, our failure to 
find galactose in the wall of Lactobacillus delbrueckii, and our 
finding of large amounts of rhamnose and only traces of galactose 
in the wall of Lactobacillus casei. Differences may be due to 
how much emphasis is placed on the “trace” sugars and to differ- 
ences in strains of the microorganisms tested. Variability of 
carbohydrate among several strains of L. plantarum has been 
shown (12). 

Glycerol and Ribitol—As shown in Table II, pecviodate-benzidine 
spray demonstrated the presence, in all of the walls tested except 
that of L. caset, of a nonreducing sugar with chromatographic 
properties corresponding to anhydroribitol or glycerol. Per- 
odate-Schiff reagent spray demonstrated the presence of 1,4 
anhydroribitol (formed from ribitol during hydrolysis (25)) in 
walls of S. faecalis, L. pentosus, L. plantarum, L. delbrueckii, and 
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TABLE IV 
Amino acid and amino sugar constituents of the cell walls 
Organisms 

Mg per 100 mg cell wali 
Glutamic acid, total A, C 5.4 7.4 3.2 4.4 3.2 8.6 9.2 7.6 7.6 8.3 5.9 4.0 
Glutamic acid, L D 0.5 1.0 0 0.9 0.4 0.5 0.6 0 0.3 0.9 1.6 0.6 
Glutamic acid, p F 5.4 6.8 2.8 2.5 2.4 6.5 7.9 7.6 7.5 | 10.4 3.8 4.6 
Alanine, total¢ A, E 6.3 | 10.0 2.3 5.1 3.7 | 12.4 9.2 | 11.6 6.6 9.8 5.2 4.4 
Alanine, D G 3.0 4.0 1.4 2.4 1.7 7.6 6.1 3.7 3.8 4.6 2.8 1.7 
Aspartic acid, total A, E 5.2 4.6 2.2 3.8 3.0 7.4 0.8 0.6 0 8.1 3.6 2.4 
Aspartic acid, L H 1.7 1.3 1.1 0.8 1.8 1.6 1.8 1.2 0.7 
Lysine, total A 4.2 | 10.4¢ 2.5 3.6 1.4 5.2 0.5 0.4 ) 5.6 3.1 2.5 
Lysine, L D 3.8 5.6 2.8 2.8 1.6 7.0 0.7 0.5 6.2 2.7 2.4 
Diaminopimelic acid A 0 0 0 0 0 0 9.5 5.2 6.5 0 0 0 
e-Aminosuccinoyll ysine4 A 1.8 0 0 0 1.9 4.1 0 0 0 4.4 
Serine-threonine* A 2.0 3.7 1.0 1.2 1.7 1.7 1.1 1.7 0 2.0 1.5 0.6 
Leucines A 0 0 0.5 0.9 1.7 0.7 0.9 0 1.0 1.2 0.7 
Ammonia B 1.9 2.4 1.2 1.5 1.1 3.2 2.6 2.4 2.6 3.3 1.6 1.1 
Hexosamines/ A 5.2 | 11.6 6.3 9.3 3.7 9.8 4.9 | 10.5 9.3 | 12.2 8.3 7.0 
Total? 32.0 | 50.1 19.2 | 29.8 | 21.4 | 53.1 | 38.7 | 40.0 | 32.6 | 54.7 | 30.4 | 22.7 


¢ The values obtained by two different methods were in general agreement and have been averaged. 

b Zero in the table indicates either a zero value in assay or that no peak was obtained in the column chromatography even though 
the substance may have been detected on two-dimensional paper chromatography. 

¢ The lysine fraction from the wall of L. bulgaricus contained ninhydrin-reacting substances in addition to lysine. 

4 Values are calculated assuming that e-aminosuccinoyllysine gives the same molar color value with ninhydrin as alanine, the stand- 


ard used throughout this study. 


¢ An average molecular weight of 112 was used for this calculation. See also footnote 1 in text. 
‘Values are given as glucosamine, but include galactosamine and muramic acid as well. 
¢ The value for total glutamic acid was used to calculate the total of the nitrogenous components. 


Leuconostoc mesenteroides, and furnished presumptive evidence 


for the presence of glycerol in the others. The presence of ribitol 
in the wall of the latter four organisms was confirmed by paper 
electrophoresis of their hydrolysates in saturated sodium borate 
buffer pH 6.3 (26). Anhydroribitol moves rapidly toward the 
anode under these conditions and can be detected by spraying 
with periodate-Schiff reagent. Glycerol remains with glucose 


and rhamnose. The presence of glycerol in the wall of L. bul- 


garccus has been confirmed through the identification of free 
glycerol and glycerol diphosphate and the isolation of the crystal- 
line cyclohexylammonium salt of a-glycerol phosphate from its 
hydrolysate (unpublished experiments). Baddiley, e¢ al. (27) 
initially reported the presence of ribitol in high concentration in 
the cell walls of Lactobacillus arabinosus and Bacillus subtilis. 
Treatment of the cell walls with trichloroacetic acid led to the 
extraction of polysaccharides containing a ribitol phosphate 
polymer chain, to which the name “teichoic acid” was given 
(25, 28). Subsequently, this term was redefined to include also 
glycerol phosphate polymers found in cell walls (29). The wall 
of L. arabinosus was found to contain the ribitol polymer; that 
of L. casei, L. delbrueckii, and L. bulgaricus the glycerol polymer; 
and that of S. faecalis both types (29). All of the wall prepara- 
tions examined here contained phosphorus (Table I). Most of 
this was extracted, together with the ribitol or glycerol compo- 
nent of the wall, by trichloroacetic acid and hence is apparently 
present as teichoic acids. Our results concerning the nature of 


this polymer present in walls of L. plantarum and L. bulgaricus 
agree with those of Baddiley’s group. However, we have dem- 
onstrated the presence of ribitol in walls of L. delbrueckii and the 
absence of both glycerol and ribitol in the walls of L. casei. Here 
again, differences may be due to differences in the strain of micro- 
organisms tested or to differences in conditions of culture. From 
data of Tables I and II, L. acidophilus, L. citrovorum, and L. 
helveticus appear to contain a glycerol-type teichoic acid and L. 
mesenteroides and L. pentosus a ribitol-type teichoic acid. The 
data do not exclude the possibility that the glycerol-type teichoic 
acid may also be present in the latter two organisms. Walls of 
L. casei and of L. fermenti were notably low in phosphorus, in- 
dicating that the teichoic acid moiety is either less abundant or 
abnormal in nature in these organisms. Our failure to detect 
either glycerol or ribitol in the wall of L. caset would suggest 
that teichoic acid as defined by Baddiley is very low or absent 
in this wall, and hence is not a constant feature of cell walls of 
gram-positive organisms. Except in the case of L. casei, rham- 
nose was detected only in those walls that also contain ribitol. 
Optical Forms of Glutamic Acid, Aspartic Acid, and Alanine— 
In Table V the percentage of the total glutamic acid, aspartic 
acid, and alanine present in the p-form has been computed. For 
most preparations D-glutamic acid comprises between 85 and 
100% of the total. Since hydrolysis in the presence of polysac- 
charides may cause as much as 12 to 20% racemization (7), 
essentially all of the glutamic acid in these wall preparations 
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TABLE V 
Percentage of glutamic acid, aspartic acid, and 
alanine in the p-configuration 
Percentage of total in p-form 
Glutamic acid* Aspartic acid* Alanine 

L. acidophilus 91 67 48 
L. bulgaricus 87 72 40 
L. casei 100 50 61 
L. delbrueckii 80 79 47 
L. helveticus 88 40 46 
L. lactis 94 78 61 
L. pentosus 94 66 
L. plantarum 100 32 
L. 30a 96 58 
L. citrovorum 89 78 47 
L. mesenteroides 73 67 54 
S. faecalis 85 71 39 


* Percentage of p-form 
Total amino acid — L-amino acid 


Total amino acid 


must possess the p-configuration. In walls of L. delbrueckii and 
especially of L. mesenteroides the presence of some L-glutamic 
acid in the unhydrolyzed wall seems probable. 1.-Glutamic acid 
has been demonstrated in walls of some bacteria, e.g. Sarcina 
lutea (8). 

Both the p- and the L-isomers of alanine and of aspartic acid 
are present in the cell walls, but the distribution between the 
two forms, like the total amount present, varies greatly from 
organism to organism. Camien (30) had found p-aspartic acid 
to be present in whole cells of several lactobacilli but not in L. 
arabinosus (plantarum), and had concluded that it played some 
essential role in those organisms containing it. From these and 
previous (9) results, one such role would appear to be that of an 
essential component of the cell wall. 3 

Lysine, Diaminopimelic Acid, and Aminosuccinoyllysine—The 
walls of all lactobacilli studied by Cummins and Harris (12) con- 
tained aspartic acid together with lysine except L. plantarum, 
which contained diaminopimelic acid instead. This relationship 
between the three amino acids was followed in the walls studied 
here. Besides L. plantarum, diaminopimelic acid was found 
also in walls of the closely related organism, L. pentosus, and 
also in those of Lactobacillus 30a. Walls of these three organisms 
were also either devoid of or contained only traces of lysine and 
aspartic acid. The optical form of the diaminopimelic acid was 
examined by paper chromatography, with the solvent system 
methanol-water-10 nN hydrochloric acid-pyridine (80: 17.5:2.5: 10) 
of Rhuland et al. (31). It migrated in each case as the meso- 
or Dp-isomer rather than as the LL-isomer. The pp-isomer has 
been found to occur only in a strain of Micromonospora (32), 
and the diaminopimelic acid of L. plantarum, like that of most 
other organisms examined (32), has been previously shown to be 
optically inactive (33). 

The close agreement between the total lysine as determined by 
the ninhydrin method and L-lysine as determined microbiologi- 
cally (Table IV) demonstrates that essentially all of the lysine is 
of the L-configuration. To exclude the possible presence of p- 
lysine, aliquots of the lysine fractions containing 2 to 4 umoles 
of the amino acid were incubated with shaking at 30° for 16 


xX 100. 
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hours with 10 mg of acetone-dried EZ. coli (ATCC 8739) in 2 ml 
of 0.25 m acetate buffer pH 6.0. Control experiments showed 
complete destruction of L-lysine by the £. coli lysine decarbox- 
ylase, but no formation of cadaverine from p-lysine under these 
conditions. The suspensions were centrifuged and examined for 
residual p-lysine by paper chromatography. In all cases the 
lysine was destroyed completely, demonstrating that the lysine 
of the cell wall was exclusively of the L-configuration. 

With certain of the wall hydrolysates, an unidentified nin- 
hydrin-reactive peak emerged from the Dowex 50 column im- 
mediately after lysine. The dried fraction, after treatment with 
0.05 n sodium hydroxide at room temperature for 1 hour, gave 
rise to a substance which chromatographed identically with a 
sample of €-aspartyllysine (a- and 8-isomers, mostly a) obtained 
from Dr. E. P. Abraham. When e-aspartyllysine is heated with 
hydrochloric acid, a derivative of aminosuccinimide, €-amino- 
succinoyllysine, is formed (34). This moved identically with 
the substance obtained from the wall hydrolysates. These trans- 
formations establish the identity of the unknown from the hy- 
drolysates as €-aminosuccinoyllysine. In pyridine-water (80:20) 
the Rp value of this compound (0.31) is considerably higher than 
that of lysine, histidine, or arginine. ¢-Aspartyllysine, the 
product resulting from the mild treatment of ¢-aminosuccinoy]- 
lysine with alkali, shows a substantially lower Ry value (0.10) 
than lysine, histidine, or arginine when 95% ethanol-water- 
acetic acid (81:19:1) is the developing solvent for the paper 
chromatograms. Although a high lysine content is balanced at 
all times by a high content of aspartate, there appears little cor- 
relation between the levels of these two amino acids and the 
amount of ¢€-aminosuccinoyllysine in the hydrolysate (Table 
IV). Identification of this peptide in certain of the wall hy- 
drolysates confirms the findings of others (35, 36) and indicates 
that the same unusual peptide link between aspartic acid and 
the «-amino group of lysine found in bacitracin (34) is an im- 
portant structural feature of the cell walls of some bacteria. 

Ammonia, Minor Amino Acids, and Amino Sugars in Cell 
Walls—Ammonia was present in relatively high concentration 
in all of the cell wall hydrolysates studied. The amounts present, 
in most instances, are more than required for amide formation 
with the dicarboxylic amino acids. The origin of this “extra” 
ammonia is unknown. 

Because they are present in small amounts relative to glutamic 
acid and alanine, the “minor amino acids” (Table III) found in 
most wall preparations are considered by several investigators 
to be impurities derived from other cell components incompletely 
separated from the wall during its preparation. Of these, valine 
and leucine (and/or isoleucine) were detected qualitatively in 
all of the wall preparations, and serine in all but three. Quanti- 
tatively, the amounts of the leucines varied from only traces to 
over 1% of the cell wall fraction, and the serine-threonine con- 
tent of some of these preparations was over 1% (Table IV).' 
These amounts are almost as high as the p-alanine content of 

1 Further examination of this fraction revealed the presence of 
p-glutamic acid ranging in amount from 0 to 1.47 mg per 100 mg 
of cell wall. The corrected totals for serine-threonine (mg per 
100 mg of wall, cf. Table IV) are as follow: L. acidophilus, 1.8; L. 
bulgaricus, 3.0; L. casei, 0.8; L. delbrueckii, 0.9; L. helveticus, 1.3; 
L. lactis, 0.8; L. pentosus, 0.7; L. plantarum, 0.6; L. citrovorum, 1.1; 
L. mesenteroides, 1.0; S. faecalis, 0.6. The reason for appearance 
of glutamic acid in the serine-threonine fraction is unknown; It 
does not occur when test mixtures of amino acid are subjected to 
the fractionation procedure. 
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some of the preparations, and considering the limited number 
of such amino acids present, it seems unlikely that they result 
solely from contamination. We prefer an operational definition 
of the ‘‘cell wall” and on this basis consider the more plentiful 
of these amino acids as true cell wall components. 

All of the walls contained glucosamine and muramic acid, 
whereas galactosamine was detected only in S. faecalis and L. 
delbrueckit, in agreement with previous findings (7). In the data 
of Table IV, muramic acid is included with the ‘hexosamine’”’ 
fraction. 

Mole Ratios of Principal Nitrogenous Components of Cell Walls 
—On the basis of preliminary analyses, a regularity in the molar 
ratios, glutamic acid-alanine-lysine-hexosamine, etc., in various 
cell walls has been suggested (37). Calculations from the more 
extensive data of Table IV fail to reveal any obvious regularities 
of this nature from one organism to another. 

Percentage of Cell Wall Accounted for as Known Compounds— 
On the basis of the available data and the assumptions that most 
of the phosphorus of the cell wall is located in the teichoic acid 
moiety and that ribitol or glycerol are present in amounts equi- 
molar to the phosphorus (29), the summation of known non- 
volatile cell wall components amounts to only 53 to 74% of the 
whole walls. This discrepancy is aggravated by the increase in 
weight which occurs on hydrolysis. Part of this discrepancy 
results from our considering muramic acid with the hexosamines, 
and also from the presence of acetic acid. The latter is generally 
combined with amino sugars and also arises from alkali-labile 
linkages in S. faecalis cell wall (38). However, since it is present 
to the extent of 1.2% as O-acetyl groups in S. faecalis wall (38) 
and since it amounts to 7% of the cell wall of L. bulgaricus (un- 
published experiments), it seems apparent that other constitu- 
ents, not hitherto reported, are major constituents of the cell 
wall. Experiments to reveal the nature of other cell wall com- 
ponents are now in progress. 


SUMMARY 


Cell walls were isolated from thirteen species of lactobacilli 
grown in defined media. The walls were hydrolyzed and ex- 
amined qualitatively and quantitatively for phosphorus, am- 
monia, different reducing sugars and amino sugars, and, in all 
but a few instances, for sugar alcohols and p- and L-amino acids. 
The principal aldohexose found was glucose; galactose occurred 
in fewer cells. Rhamnose was an important component of many 
of the cell walls and always occurred together with glucose. All 
of the cell walls contained glucosamine and muramic acid; a few 
contained galactosamine as well. Ribitol or glycerol was present 
in walls of all of the organisms tested except L. casei. Absence 
of any sugar alcohol from the wall of L. casei indicates that the 
teichoic acids (29), although frequently prominent, are not an 
obligatory feature of the walls of gram-positive organisms. 

Glutamic acid, alanine, and either diaminopimelic acid or 
aspartic acid plus lysine were the principal amino acids present. 
Most or all of the glutamic acid was present in the p-form; from 
one- to two-thirds of the alanine was p-alanine, and from two- 
to four-fifths of the aspartic acid was pb-aspartic acid. Only 
L-lysine was present. Some but not all of the wall hydrolysates 
contained substantial amounts of e-aminosuccinoyllysine. From 
two to six additional amino acids were present in smaller, but 
frequently substantial amounts. No obvious regularities in 
structure of walls of different organisms became evident from 
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an examination of the mole ratios of the components determined. 
Instead, a rather striking divergence in both qualitative and 
quantitative composition of the walls of this rather closely re- 
lated group of bacteria became evident. Summation of the 
known components of these walls accounts for only about 60 to 
80% of the total wall hydrolyzed, and thus points to the presence 
of presently unrecognized components of these structures. 


Acknowledgment—We are indebted to Mrs. Geraldine Tomlin- 
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Adrenocorticotropins 


XIX. ESTERIFIED ADRENOCORTICOTROPIN* 


Cuou Hao Li 


From the Hormone Research Laboratory, University of California, Berkeley, California 


Although the chemical structures of adrenocorticotropically ac- 
tive peptides have been formulated (2-4) for some time, relatively 
little is known about the effect on biological activity of alteration 
of the hormone molecule by means of substitution reactions with 
specific reagents. The present investigation represents one at- 
tempt along these lines, with acid methanol used to esterify the 
free carboxyl groups in a,-ACTH.! The esterified product was 
assayed for both adrenal-stimulating and melanocyte-stimulat- 
ing activities. It will be seen that esterification of adrenocorti- 
cotropin does not reduce its melanophore-stimulating activity 
but it does diminish its adrenocorticotropic potency. 


EXPERIMENTAL 


a,-ACTH was isolated from anterior lobes of beef pituitary 
glands by the procedures previously described (6). The adrenal- 
stimulating activity was assayed according to increment of ad- 
renal weight in hypophysectomized rats (7) and the melanocyte- 
stimulating activity both by the frog-skin procedure in vitro (8) 
and on the basis of change in melanophore index in hypophysec- 
tomized Rana pipiens (9). 

Acid methanol was prepared by passing dry hydrochloric acid 
gas into absolute methanol. The acid concentration was deter- 
mined by titration. The hormone was esterified essentially ac- 
cording to published procedures (10, 11). Twenty milligrams of 
a,-ACTH were dissolved in 5 ml of 0.1 m methanolic HCI; after 
the solution had been kept at 22° for 40 hours, an equal volume 
of ether was added. The precipitate formed was washed three 
times with ether and air dried. The yield of the esterified prod- 
uct was 19.5 mg. For de-esterification, 6 mg of adrenocortico- 
tropin methyl ester were dissolved in 6 ml of 0.1 m Na2CO; and 
the solution was allowed to stand at 22° for 4 days under toluene. 
Dialysis in the cold (+4°) against 0.01 m NH,OH was performed 
for 3 days and the thoroughly dialyzed solution was lyophilized. 
There was no loss of the peptide during dialysis, in agreement 
with earlier observations (12). | 

Zone electrophoresis on starch (13, 14) was carried out in a 
pyridine-acetate buffer of pH 5.0 and 0.1 ionic strength at 4° 
under 200 volts for 16 hours; the dimensions of the glass trough 
were 1.5 X 0.7 — 40 cm. After completion of the electrophore- 
sis, the starch in the trough was cut into 1-cm segments, each of 
which was eluted with 2 ml of distilled water. The peptide con- 
centration in the eluate (1 ml) was determined with the Folin- 
Ciocalteu reagent (15). 


* For Paper XVIII of this series, see Carstensen e¢ al. (1). 

1 In this paper a,-ACTH will be used to denote the adrenocor- 
ticotropin obtained from beef pituitaries and a, ACTH, that from 
sheep pituitaries. For a proposed system of terminology for the 
adrenocorticotropins, see (5). 


RESULTS 


It is evident from Table I that esterified ACTH has a very 
low adrenal-stimulating activity but retains its full melanocyte- 
stimulating potency. On the basis of the dose-response relation- 
ship previously reported (7) for the adrenocorticotropic activity 
of ACTH in hypophysectomized rats, the esterified hormone was 
estimated to possess approximately 12% of the activity of the 
native hormone. That not all the adrenal-stimulating potency 
of the hormone was abolished by esterification is supported by 
the observed lowering of thymus weight effected by the treated 
hormone. When the esterified hormone was saponified with 0.1 
M Na2COs, the de-esterified product was found to have regained 
in full the original adrenal-stimulating potency (Table I). 

As shown by assay both in vivo (Table I) and in vitro, esteri- 
fication did not diminish the extent of the melanocyte stimula- 
tion elicited by the hormone. The biological behavior of the 
esterified hormone, however, differed from that of either the un- 
treated or de-esterified hormone with respect to duration of the 
effect (Fig. 1). The melanocyte stimulation produced by the 
esterified ACTH declined very sharply after it had reached its 
peak, and disappeared within 2 hours, whereas the effect of the 
native or of the de-esterified ACTH, at the same dose level, was 
prolonged for as long as 5 hours, and the curve declined very 
gradually. 

As would be expected, esterified ACTH migrated as a more 
basic polypeptide than either the de-esterified or the untreated 
hormone, when submitted to zone electrophoresis on starch in a 
buffer of pH 5.0 (Fig. 2). It may also be noted in Fig. 2 that 
the esterified hormone behaved electrophoretically as a homoge- 
neous component. There was no indication that the electro- . 
phoretic behavior of de-esterified ACTH differs in any respect 


from that of the native hormone. 


DISCUSSION 


One of the experimental procedures that may be employed to 
investigate the relationship of structure of proteins or polypep- 
tides to biological behavior is the chemical modification of a cer- 
tain functional group or groups in the molecule by a specific 
agent. With this approach, however, if any change in the sec- 
ondary or tertiary structure of the protein or polypeptide is 
brought about by the modification, it becomes difficult to inter- 
pret any observed change in behavior. Since the adrenocorti- 
cotropins have the form of a random coil, with no secondary or 
tertiary structures (2, 16), they furnish the ideal molecule for a 
study of the effect of chemical substitution on biological activity. 

The reaction of proteins with acid-methanol has been studied 
by several investigators (10, 11, 17, 18). It is generally agreed 
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TABLE I 
Effect of esterification on biological activity of adrenocorticotropin 


Biological activity 
Preparation |Melanocyte-stimulating Adrenocorticotropic 
Units/g g Adrenal Thymus 
mg mg 
Untreated 10 (3.2 K 10°) 27 (|34.7 + 0.9f) 66 + 8 
Esterified 2 4.6 X 10° 10 19.3 + 0.8 |211 +7 
De-esterified 2 5.0 XK 10’ 10 + 1.0) 89 + 5 


* Each assay was performed on 4 to 6 pieces of frog skin. 

Tt Operated on at 40 days of age. Intraperitoneal injections 
(25 wg in 0.1 ml) begun 4 days later, were administered once daily 
for 4 days, and autopsy was performed 24 hours after the last in- 
jection. The hormone was suspended in beeswax-peanut oil. 
The adrenal and thymus weights of the control group were 11.2 
mg and 264 mg, respectively. 

t Mean + standard error. 


o---0, Esterified 

a—4, De-esterified 
o—o, Native 

Total dose (number of frogs) 
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Fic. 1. Effect of untreate ACTH, esterified ACTH, and de- 
esterified ACTH on hypophysectomized Rana pipiens. 
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Fic. 2. Patterns obtained from zone electrophoresis on starch 
of ACTH preparations for 16 hours in a pyridine-acetate buffer of 
pH 5.0 and 0.1 ionic strength, with a potential gradient of 5 volts 
per cm; esterified hormone, 1.5 mg, de-esterified hormone, 1.0 mg, 
and native hormone, 1.2 mg. 


that the reaction is specific for the esterification of free carboxyl 
groups in the protein (19). Although chemical analysis of the 
esterified product was not performed in the present investigation 
owing to the limited quantity of the hormone, it is evident from 
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the results of zone electrophoresis that no nonesterified hormone 
was present in the modified hormone (Fig. 2). Since saponifica- 
tion of the esterified product with 0.1 m Na2CO; restores the 
adrenocorticotropic activity (Table I), and the hormone peptide 
becomes more basic after esterification, it appears probable that 
any changes produced in the molecule by acid methanol are 
limited to esterification of the carboxyl groups. 

It is now well established that, in addition to their adrenocorti- 
cotropic activity, ACTH peptides possess intrinsic melanocyte- 
stimulating potency as assayed either in hypophysectomized 
frogs or on isolated frog skins in vitro (2-4, 7). Therefore, it is 
of considerable interest that esterification of adrenocorticotropin 
does not reduce the melanocyte-stimulating potency of the hor- 
mone whereas it does cause a marked lowering of ACTH activity 
(Table I and Fig. 1). The obvious explanation for this phe- 
nomenon is that the free carboxyl groups in adrenocorticotropin 
are essential for its ACTH activity but are not implicated in its 
intrinsic melanocyte-stimulating effect. This means that the 
structural requirements for these two biological activities in 
ACTH peptides are different. 

Although the esterified a,-ACTH exhibited a melanocyte-stim- 
ulating activity comparable to that of the native or de-esterified 
hormone within 1 hour after it was administered to hypophysec- 
tomized Rana pipiens in a dosage of 0.5 ug, the subsequent por- 
tions of the response curves were not identical (see Fig. 1). This 
difference in biological behavior between the substituted and non- 
substituted polypeptide must reflect an influence of some sort 
exerted by esterification on the melanocyte-stimulating property 
of adrenocorticotropins. It may be recalled that there is only 
one dibasic amino acid (glutamic acid in position 5) in the in- 
ternal B-chain of ACTH (12) and, moreover, it has been postu- 
lated (20, 21) that the heptapeptide, Met.Glu. His. Phe. Arg. 
Try.Gly, which is located within the amino acid sequence of the 
internal B-chain, is the core responsible for the melanocyte-stim- 
ulating activity of ACTH. Can it therefore be assumed that 
the replacement of free glutamic acid by the y-glutamic methyl 
ester in the heptapeptide results in the difference in biological 
behavior evident in Fig. 1? Future investigations on the synthe- 
sis of various analogues of the heptapeptide in relation to their 
melanocyte-stimulating activity should clarify this question. 
Indeed, recent synthetic work performed by Hofmann (22) has 
provided some evidence that glutaminy] analogues of melano- 
tropically active peptides are not as active as the naturally oc- 
curring peptides which contain a glutamic acid residue. 


SUMMARY 


Esterified adrenocorticotropin has been prepared by allowing 
the hormone to react with acid methanol. The esterified hor- 
mone retained melanocyte-stimulating potency but lost a con- 
siderable amount of its adrenocorticotropic activity. After sa- 
ponification with 0.1 mM Na2COs, the de-esterified product regained 
the adrenal-stimulating potency of the native hormone. 
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Extracellular Acids Produced by Mycobacterium ranae 
and Mycobacterium tuberculosis H37Rv* 


AUDREE V. FowLer, MERRILL N. CAMIEN, AND Max Dunn 


From the Chemical Laboratory, University of California, Los Angeles, California 


(Received for publication, January 13, 1960) 


The subject of extracellular organic acids produced by myco- 
bacteria became of interest more than fifty years ago when 
Theobald Smith (1) found that human and bovine strains of 
tubercle bacilli differ in their manner of developing an acid 
reaction in glycerol broth. Smith (1) assumed that degrada- 
tion of glycerol to acidic products accounted for increases of 
acidity in the mycobacterial cultures, but Merrill (2) and most 
subsequent investigators concluded from their studies of carbo- 
hydrate metabolism in mycobacteria! that glycerol is completely 
oxidized to carbon dioxide and water and that intermediates 
do not accumulate in the culture medium. In more recent 
years, on the other hand, acetic acid (5), succinic acid (6), malic 
acid (5, 6) citric acid (6), oxalic acid (8, 6), and pyruvic acid 
(7) have been demonstrated in culture filtrates derived from 
various typical virulent and nonvirulent strains of Mycobacte- 
rium. These conflicting findings suggest that mycobacteria 
may produce a wide variety of extracellular acid intermediates, 
but that the accumulation of these compounds except at rela- 
tively low concentrations is precluded by rapid further metabo- 
lism. The isolation and identification of such substances would 
be of considerable interest since it might be anticipated that 
they would represent not only immediate degradation products 
of glycerol, but also intermediates in biosynthetic pathways 
leading to specialized mycobacterial structures such as the 
unusually branched and hydroxylated lipids. The primary 
objective of the present investigation was to determine whether 
methods applied previously to Lactobacillus culture filtrates in 
this laboratory (9, 10) would vield evidence in support of these 
views. 


EXPERIMENTAL 


Cultures of Mycobacterium ranae and Mycobacterium tubercu- 
losis H37Rv* were maintained on Peizer’s egg medium (Difco) 


* Paper 132. This work was aided by grants from the American 
Trudeau Society, the Los Angeles County Tuberculosis and Health 
Association, the United States Public Health Service, and the 
University of California. 

1 Detailed discussions with literature references may be found 
in recent books (3, 4). 

2 Succinic, a-ketoglutaric, and pyruvic acids have been demon- 
strated in culture filtrates of Mycobacterium butyricum, a meta- 
bolically anomolous organism (8). 

3 Olive View Sanitorium cultures numbered 15 (M. ranae) and 
797 (M. tuberculosis H37Rv) obtained through the courtesy of 
Dr. 8. Froman. All work with M. tuberculosis H37Rv up to and 
including final sterilization of the cultures was carried out at 
Olive View under Dr. Froman’s supervision. The authors are 
indebted to Dr. Froman and Olive View Sanitorium for this kind 
cooperation. 


and Wallenstein’s egg medium, respectively. Liquid media‘ 
were inoculated with growth from the stock cultures and incu- 
bated at 37° until adequate pellicles had formed (generally 4 
days for M. ranae and 4 weeks for M. tuberculosis H37Rv), 
Portions of the pellicles were taken to inoculate numerous 200 
ml aliquots of medium in separate 1-liter Roux bottles, and the 
final cultures of M. ranae and M. tuberculosis H37Rv were incu- 
bated 7 days and 3 months, respectively. The cultures were 
clarified and sterilized by filtration,® and the filtrates were acidi- 
fied with 15.3 ml of concentrated hydrochloric acid per liter of 
culture. The acidified filtrates were concentrated to a conven- 
ient volume by evaporation under reduced pressure at room 
temperature, and the concentrates were subjected to continuous 
liquid-liquid extraction with either diisopropyl ether or ethyl 
acetate, with the use of a low pressure apparatus to avoid heat- 
ing the extracts at more than a few degrees above room tem- 
perature. The extractives were freed of solvent as required and 
fractionated by countercurrent distribution in a 100 cell, 10 ml 
per phase Craig-Post apparatus (10) with the solvent systems 
(a) diisopropyl ether over water, (b) butanol over water, (c) 
equal volumes of butanol and heptane over water, and (d) ethyl 
acetate over aqueous N acetic acid. Acids were located in the 
distributed material by titration after removing the solvents, 
when this was required, by evaporation. Homogeneity of the 
distribution peaks was checked by paper chromatography.‘ 
Major components which could be readily crystallized were 
purified further by recrystallization and characterized by stand- 
ard analytical methods. 


RESULTS AND DISCUSSION 


Countercurrent distributions in ethyl acetate over Nn acetic 
acid of the extracellular nonvolatile acids produced by M. ranae 
and M. tuberculosis H37Rv under comparable conditions’ are 


‘A modified Sauton’s medium (11) was used in all experiments 
with M. tuberculosis H37Rv. It was used also for M. ranae in 
comparative experiments (Fig. 1); however, M. ranae was gener- 
ally grown in the Proskauer and Beck-type medium described 
previously (12) but modified to contain 0.005% ferric ammonium 
citrate and 0.5% L-asparagine monohydrate in place of glutamic 
acid. 

5 M. tuberculosis H37Rv cultures were first sterilized in an auto- 
clave to eliminate possible health hazards. M. ranae cultures 
were not autoclaved except in comparison experiments (Fig. 1). 

® Solvent system / and indicators a and b described on pages 
226 to 232 of Block et al. (13). 

7 All experimental conditions were kept as nearly the same as 
possible except for incubation periods. M. tuberculosis H37Rv 
was incubated much longer than M. ranae (see text) to permit 
apparently equivalent pellicle formation despite the large differ- 
ence in growth rate. 
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shown by Curves R(A) and T7Tb.(A), respectively, in Fig. 1. 
These data suggest that largely the same extracellular acids are 
produced by the two mycobacterial species, although consider- 
able differences in relative proportions of some of the compo- 
nents are readily apparent. That significant changes in compo- 
sition of the extracellular acid mixtures may have been brought 
about by autoclaving the cultures before filtration (a necessary 
precaution with M. tuberculosis H37Rv) is indicated by Curves 
R(A) and R(N), which represent acids from autoclaved and 
nonautoclaved cultures, respectively, of M. ranae. These 
changes do not appear to be of a disturbingly large magnitude, 
however. It was anticipated that acids with partition ratios 
either lower than 0.1 or higher than 10 would not be resolved 
by the countercurrent distribution procedure described under 
Fig. 1. Resolution of the low partition ratio acids was there- 
fore carried out by paper chromatography.* The first distribu- 
tion peak (cells 0-10) of Curve R(A), Fig. 1, yielded five chro- 
matographically distinct components (Ry values: 0.07, 0.12, 
0.20, 0.28, 0.38), whereas the first distribution peak (cells 0-4) 
of Curve Tb.(A) yielded only three components (Rp values: 0.07, 
0.11, 0.15). The second distribution peak (cells 13-20) of Curve 
Tb.(A) yielded five components (Ry values: 0.07, 0.13, 0.36, 
0.55, 0.73), whereas the corresponding region (cells 13-20) of 
Curve R(A) yielded only four components (Rp values: 0.20, 0.38, 
0.55, 0.73). These results suggest possible qualitative as well 
as quantitative differences in the extracellular acids produced 
by M. ranae and M. tuberculosis H37Rv. Substances with 
intermediate partition ratios appeared to be resolved adequately 
by the countercurrent distribution procedure described under 
Fig. 1. Thus the distribution peak centered near cell 90 in all 
three curves, Fig. 1, yielded crystalline succinic acid, and that 
centered near transfer number 150 yielded crystalline fumaric 
acid. Acetic acid (crystallized as the sodium salt) was similarly 
obtained from the extracellular acids of both M. ranae and M. 
tuberculosis H37Rv after countercurrent distribution in equal 
parts of butanol and heptane over water. DL-5-Carboxymethyl- 
hydantoin was crystallized from a fraction of the M. ranae acids 
after countercurrent distribution in butanol over water. Data 
concerning the isolation and identification of these mycobacterial 
products are given in the following paragraphs. Isolation and 
identification of additional extracellular acids produced by these 
bacteria are in progress and will be described in future reports. 

Succinic Acid—A component with partition ratios approxi- 
mating 0.02 in diisopropyl ether over water, 0.40 in ethyl acetate 
over aqueous N acetic acid, and 0.94 in butanol over water was 
isolated in crystalline form from culture filtrates of both M. 
ranae and M. tuberculosis H37Rv. It melted at 180.0—182.3°. 
Authentic succinic acid (Eastman Kodak) melted at 182.3- 
184.3° and yielded partition ratios identical with those found 
for the isolated material. A mixture of the authentic sample 
with the isolated product melted at 181.0—-183.0°. Analyses of 
the isolated material yielded C 40.68%, H 5.23%, and titra- 
tion equivalent 59.1. The corresponding values calculated for 
C:H,(COOH). are C 40.68%, H 5.12%, and equivalent weight 
59.04. The infrared absorption spectra of the mycobacterial 
products may be seen to correspond to that of authentic succinic 
acid (Fig. 2). Succinic acid has previously been isolated in 
crystalline form from culture filtrates of various mycobacteria 
grown in a glucose-glutamic acid medium (6). 

Fumaric Acid—A component with partition ratics approxi- 
mating 0.27 in diisopropy! ether over water, 1.9 in ethyl acetate 


A.V. Fowler, M. N. Camien, and M. S. Dunn 
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over aqueous N acetic acid, and 1.8 in equal mixture of butanol 
and heptane over water was isolated in crystalline form from 
culture filtrates of both M. ranae and M. tuberculosis H37Rv. 
It sublimed at temperatures in excess of 200° and readily re- 
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Fig. 1. Countercurrent distributions (300 transfers through a 
100 cell, 10 ml per phase apparatus in ethyl acetate over N acetic 
acid) of extracellular acids produced in modified Sauton’s medium 
by M. ranae and M. tuberculosis H37Rv under comparable condi- 
tions. Curve Tb.(A) represents 18.2 meq of nonvolatile acids de- 
rived from 9.15 liters of autoclaved M. tuberculosis H37Rv culture. 
Curve R(A) represents 38.8 meq of nonvolatile acids derived from 
20.8 liters of autoclaved M. ranae culture. Curve R(N) represents 
14.2 meq of nonvolatile acids derived from 8.67 liters of nonauto- 
claved M. ranae culture. Distributions in cells 0-40 and in with- 
drawn samples corresponding to transfers 100-120 are plotted 
separately (left- and right-hand sections, respectively) to allow 
for the extended vertical scale in these parts of the curves. Verti- 
cal scale values represent yveq of titratable acid per sample (cell 
contents or withdrawn material) per meq of total (nonvolatile) 
distributed acid. 
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Fig. 2. Infrared absorption spectra of mycobacterial products 
and corresponding authentic reference compounds in potassium 
bromide pellet preparations. Spectra designated Mib and Mra 
represent compounds isolated from M. tuberculosis H37Rv and 
M. ranae culture filtrates, respectively. Those designated Ref 
represent authentic reference compounds. 
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duced potassium permanganate in aqueous solution to man- 
ganese dioxide. Authentic fumaric acid (Eastman Kodak) 
sublimed in like manner, similarly reduced potassium permanga- 
nate, and yielded partition ratios identical with those found for 
the isolated material. Analyses of the isolated material yielded 
C 41.16%, H 3.57%, and titration equivalent 58.8. The corre- 
sponding values calculated for C2:H.(COOH)2 are C 41.39%, 
H 3.47%, and equivalent weight 58.04. The infrared absorption 
spectra of the isolated products may be seen to correspond to 
that of authentic fumaric acid (Fig. 2). Previous reports of 
fumaric acid as a product of mycobacteria were not found. 

Acetic Acid—A volatile component with partition ratios ap- 
proximating 0.17 in diisopropyl ether over water and 0.48 in an 
equal mixture of butanol and heptane over water was isolated® 
in crystalline form as its sodium salt from culture filtrates of 
both M. ranae and M. tuberculosis H37Rv. Authentic acetic 
acid (Baker’s reagent) yielded identical partition ratios, and the 
infrared absorption spectrum of authentic sodium acetate 
(Baker’s reagent) corresponded to those of the isolated salts 
(Fig. 2). Acetic acid has previously been reported in myco- 
bacterial cultures according to a literature review of Lassota 
et al. (6), but the original paper (5) describing the means by 
which acetic acid was identified has not as yet been available 
to the present authors. 

component with partition 
ratios of approximately 0.08 in ethyl acetate over aqueous N 
acetic acid and 0.33 in butanol over water was isolated in crys- 
talline form from M. ranae culture filtrates. The crystalline 
material melted at 218.5-219.8° (uncorrected), and its analysis 
yielded C 38.61%, H 4.40%, N 16.60%, O 40.39% (by differ- 
ence; tests for S, P, and halides were negative), titration equiva- 
lent 161 (pH 3 titration value was 3.84; additional acidic functions 
were not revealed by back-titrating a solution of the com- 
pound in alcoholic sodium hydroxide after boiling it 1 hour under 
reflux), and specific rotation [a]p = +4° (c = 1 inwater). The 
empirical formula C;H¢s04Ne2, indicated by the composition 
analysis, was matched by that of 5-carboxymethylhydantoin 
(CsH,O.N:2), and the infrared absorption spectrum of the iso- 
lated acid (Fig. 2) was seen to show essentially all of the char- 
acteristics of that for L-5-carboxymethylhydantoin given by 
Lieberman and Kornberg (14). The product of Lieberman and 
Kornberg, however, was apparently optically pure (specific 
rotation in water = —99°) and was spectrographed in a Nujol 
suspension (14), whereas the compound produced by M. ranae 
was presumably nearly completely racemic ({a]Jp = +4°) and 
was spectrographed in a potassium bromide pellet (Fig. 2). 
These differences evidently accounted for the lack of complete 
agreement between the spectra of Lieberman’s and Kornberg’s 
L-5-carboxymethylhydantoin and of the M. ranae acid since the 
latter was identical with synthetic pL-5-carboxymethylhydantoin 
(Sigma Chemical Company product) by the following criteria: 
(a) both the isolated and synthetic compounds reacted slowly 
and in the same manner with periodate but gave negative re- 
sults in the usual tests with ninhydrin, 2,4-dinitrophenylhydra- 
zine, and potassium permanganate; (b) both compounds formed 
a monoacetyl derivative upon acetylation, and the infrared ab- 


8 Solvents such as ethyl acetate, which could hydrolyze to intro- 
duce extraneous acetic acid, were not employed for the isolation 


of this component. 
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sorption spectra of the two acetyl derivatives were identical 
(the spectrum of the acetylated M. ranae acid is shown in Fig. 
2); (c) both compounds yielded the same partition ratio (0.33) 
in butanol over water and the same Ry, value® (0.36 to 0.38); 
(d) the melting points (all uncorrected) of the two compounds 
were in close agreement (218.5-219.8° for the M. ranae acid and 
218.0-218.8° for the synthetic material), and the mixed melting 
point (217.0-218.0°) was not significantly depressed; and (e) 
the infrared absorption spectrum of the synthetic acid in po- 
tassium bromide was identical with that of the M. ranae product 
(Fig. 2). It is presumed from these observations and from the 
small dextro-rotatory power that the M. ranae acid is DL-5 car- 
boxymethylhydantoin containing approximately 4% p-5-car- 
boxymethylhydantoin. This substance has not as yet been 
isolated from the culture filtrates of M. tuberculosis H37Rv, but 
the latter yield spots indistinguishable from 5-carboxymethy]- 


hydantoin on paper chromatograms. 5-Carboxymethylhydan- | 


toin has apparently not been previously described as a mycobac- 
terial product. It is derivable reversibly from orotic acid by 
enzymes of Zymobacterium oroticum through the mediation of 
L-dihydroorotic acid and t-ureidosuccinic acid (14), and it has 
therefore been supposed to be concerned in the pyrimidine me- 
tabolism of that organism. The presence of this substance in 
mycobacterial culture filtrates suggests that it may have a 
similar function in mycobacteria. 


SUMMARY 


Countercurrent distribution and paper chromatography data 
have revealed that culture filtrates from Mycobacterium ranae 
and Mycobacterium tuberculosis H37Rv contain a considerably 
more complex array of acid products than indicated by pre- 
viously published results. The same acids in similar proportions 
seem generally to be produced by the two mycobacterial species, 
although some marked differences are also apparent. Three of 
the acids have been isolated in crystalline form from both or- 
ganisms and unequivocally identified as succinic acid, fumaric 
acid (not previously identified as a mycobacterial product) and 
acetic acid (isolated as sodium acetate). A fourth acid isolated 
in crystalline form from M. ranae was identified as pL-5-carboxy- 
methylhydantoin. It appears also to occur in culture filtrates 
from M. tuberculosis H37Rv, but does not appear to have been 
described previously as a mycobacterial product. 


Acknowledgments—The authors are indebted to Della Belknap 
for culturing large quantities of virulent Mycobacterium tuber- 
culosis H37Rv, to Donna Karasek for infrared spectrography, 
to Heather King for microanalyses, and to Evelyn Brown and 
Margorie Rogers for technical assistance. 
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Mitochondrial-microsomal preparations from animal thyroid 
tissue form protein-bound iodide and other unknown iodi- 
nated compounds when incubated with I™. Taurog, Potter, 
Tong, and Chaikoff (1-3) have in part elucidiated optimal condi- 
tions for the reaction. A related system studied by Weiss (4), 
and by Serif, Fawcett, and Kirkwood (5, 6) iodinated free tyro- 
sine. The latter system required Cut+ ion, and was probably 
HO2 dependent. Similar systems have been investigated pre- 
viously in this laboratory (7, 8). 

In each of these studies, tyrosine, either soluble or as part of 

a peptide chain, was iodinated to form monoiodotyrosine and usu- 
ally a minimal amount of diiodotyrosine. The formation of 
other iodinated compounds identified by their chromatographic 
characteristics was reported by some authors. Studies of Taurog 
et al. (2) on Unknown 1 (Ry 1 in butanol-ethanol-ammonia) and 
Unknown 2 (Rp 0.5 in butanol-ethanol-ammonia) were most 
complete, and suggested the importance of these compounds as 
possible intermediates in the iodination reaction. In contrast to 
studies in vivo or with tissue slices, the iodothyronines were not 
formed, and there was no evidence that thyroglobulin was iodi- 
nated. Thus the significance of these reactions as steps in hor- 
monogenesis in vivo remains obscure. 
It is the purpose of this report to describe an iodinating system 
under study in our laboratory. Studies on various factors influ- 
encing the reaction and on the nature of the iodinated protein 
formed will be presented. The iodinated protein appears to be 
distinct from thyroglobulin. 


METHODS 


Sheep thyroid tissue was obtained at a local abattoir and 
transported to the laboratory on ice. The glands were cleaned, 
minced, and homogenized in chilled 0.25 m sucrose, using 4 ml. 
of sucrose per g of tissue. Tissue was homogenized in a Servall 
Omni-mixer for 45 seconds and then in a mechanically driven glass 
and Teflon homogenizer. The crude preparation was filtered 
through cheese cloth and centrifuged under refrigeration for 10 
minutes at 700 xX g. The 700 X g supernatant fraction was 
centrifuged for 20 minutes at 8000 x g. The pellet was made 
up to the original volume in 0.25 m sucrose and sedimented again 
for 20 minutes at 8500 X g. This pellet, which contained mito- 
chondria and probably contaminating microsomes, was resus- 
pended by homogenization in 0.25 m sucrose to 50% of the orig- 
inal homogenate volume. For separation of microsomes the 8500 
X g supernatant fraction was centrifuged at 105,000 x g for 1 hour 


* Supported in part by the United States Public Health Service 
Grant A-1880. 
+t Fellow of the National Foundation. 


in a Spinco preparative ultracentrifuge. The supernatant frac. 
tion was decanted and the tube rinsed with 1.0 ml of 0.25 y 
sucrose without disturbing the pellet. This pellet (micro. 
somes’’) was made up to one half the original homogenate volume 
in 0.25 mM sucrose. Protein content of the preparations was from 
8 to 20 mg per ml for either mitochondria or microsomes. (Oc- 
casionally the 700 X g supernatant fraction was centrifuged 
directly at 105,000 x g to produce a combined mitochondrial. 
microsomal preparation. All procedures were done at 4°. Prep- 
arations were stored at — 20°. 

Preparations suspended in 0.25 m sucrose were buffered with 
50 umoles Tris-HCI buffer (pH 7.4) per ml. In some instances 
pellets were suspended in Krebs’ phosphate or Krebs’ bicarbon- 
ate buffer (pH 7.4). Aliquots of 0.3 to 3 ml were incubated in 
open test tubes or 25-m] Erlenmeyer flasks for 1 to 3 hours at 37° 
in a Dubnoff incubator. Nal", 1 we per ml, and KI, 1 mymole 
per ml, were routinely added. Incubation was done in air when 
Tris-HCl or Krebs’ phosphate buffer was used, and in 95% 
O2-5% COz2z when Krebs’ bicarbonate was used. For experiments 
requiring anaerobiosis, samples were incubated in Thunberg 
tubes which had been repeatedly evacuated and flushed with 
nitrogen. Cofactors, inhibitors, and other supplements were 
added in small volumes from concentrated stock solutions, 
After incubation, 50-ul aliquots were applied to Whatman No. 
3 filter paper for ascending chromatography in a butanol-ethanol- 
ammonia system (2). Carrier iodinated amino acids were de- 
tected on paper chromatograms by coupling with diazotized 
sulfanilic acid. Aliquots of 50 ul were also placed on Whatman 
No. 1 filter paper strips for electrophoresis in barbital-citrate 
buffer (pH 8.6), ionic strength 0.1, at 75 volts and 5 milliamperes, 
for 8 to 14 hours. Protein bands were stained with Amido- 
schwarz in methanol-glacial acetic acid, and the paper was 
washed clear in the same solvent. Radioactivity was localized 
by radioautography, and the areas of interest were cut out of 
the corresponding chromatograms or electrophoretograms for 
measurement in a well scintillation y-ray detector. Counting 
was continued until the counting error was 1 to 5%. 

In some instances the formation of PBI"*! was determined by 
measurement of the I" in protein precipitates prepared after 
incubation.!. Protein of the sample was precipitated by 20% 
trichloroacetic acid, washed once with 5% trichloroacetic acid, 
and once with n-buty] alcohol. Values for PBI obtained by 
this method were 1 to 2% higher than by chromatographic 
analysis, since not all I'*! was removed during the washing pro- 
cedure. 


1 The abbreviations used are: PBI'*!, protein-bound iodide™; 
EDTA, ethylendiaminetetraacetate; FMN, flavin mononucleo- 
tide. 
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For determination of concentration gradients, the mitochon- 
dria or microsomes were collected by centrifugation, after incu- 
bation for periods up to 2 hours. The pellet was weighed, and 
[| content was expressed as the ratio of counts per minute per 
g of mitochondria to counts per minute per ml of suspending 
medium. 

Other techniques which were employed are described under 
“Results.”” Experiments were done in duplicate, and repeated 
two or more times. 


RESULTS 


Accumulation of Iodide™ by Thyroid Cell Particles—Mitochon- 
dria and microsomes accumulated I'*! from the medium, and the 
quantity accumulated increased with time. An I concentra- 
tion gradient (mitochondria to medium) of 28 was observed at 
15 minutes, and of 50 at 60 minutes. Methimidazole (10-* m) 
reduced the gradient to 1. 

Labeled Compounds Formed—Three iodinated components were 
formed. ‘The complete incubation mixture, centrifugally sepa- 
rated particles, and centrifugally separated suspending medium 
were chromatographed separately after incubation. As has been 
reported by others (2), direct chromatograms of the complete 
incubation mixture contained PBI", iodide, an iodinated com- 
ponent with Rr between that of iodide and thyroxine (Unknown 
2), and an iodinated component at the solvent front (Unknown 
1). Chromatograms of the separated suspending medium con- 
tained I'3! and Unknown 2. When separated, washed, and la- 
beled mitochondria or microsomes were applied to paper, PBI!*! 
and Unknown 1 were detected. Ten to 20% of the radioactivity 
appeared as iodide™!, but little Unknown 2 was present. The 
[1 of PBI!3! appeared nearly quantitatively in the iodotyrosine 
area after chymotrypsin hydrolysis of the particles. Ninety to 
95% appeared to be monoiodotyrosine, and 5 to 10% diiodo- 
tyrosine. 

No labeled or unlabeled thyroglobulin was found in any of 
the electrophoretograms made from these preparations. Added 
sheep thyroglobulin or human albumin was not iodinated. 

Distribution of Activity in Cell Fractions (Table I)—Protein 
iodination occurred in all homogenate fractions except the super- 
natant. Mitochondrial preparations and microsomal prepara- 
tions were of nearly equal activity when compared on basis of 
protein content. In a typical preparation of mitochondria, 78 
yumoles of I)” were incorporated per mg of protein per hour, as 
compared to 26 to 141 uumoles in microsomal preparations from 
the same tissue. Whole homogenate was less active than homog- 
enate particulate fractions. Activity varied widely in different 
samples of sheep tissue. 

Reaction Kinetics—Rate of PBI'** formation was most rapid 
in the first 5 minutes of incubation, decreased with time, and 
approached a maximum asymptotically in 120 to 180 minutes 
(Fig. 1). Rate of PBI! formation and Unknown 1 formation 
were parallel. The formation of Unknown 2 apparently followed 
different kinetics, with little reduction in rate during the period 
of observation. The rate of formation of PBI" varied directly 
with temperature (Fig. 2). 

Effect of Various Physical and Chemical Agents on PBI™ For- 
mation (Table II)—Boiling the preparation for 1 minute de- 
stroyed activity, although heating to 65° for 1 minute did not. 
Freezing, or lyophilization, reduced activity by one half, but 
frozen preparations retained the residual iodinating action for 
at least 4 months. PBI"! formation was inhibited by anoxia, 


TABLE 
PBI?" formation in sheep thyroid homogenate 
and homogenate fractions 
Aliquots of 0.3 ml were incubated with Tris-HCl buffer (15 
umoles), sucrose (75 umoles), KI (0.3 mumole), and iodide"! (1 uc) 
for 1 hour. 


Protein PBI!??7 bound 
mg 
Preparation Fraction tein pet hour 
mg per ml % pumoles 
Homogenate 17.5 4.3 2.5 
700 X g sedi- | Nuclei + debris 3.9 14.2 36 
ment 
8,500 X g sedi- | Mitochondria 5.0 39.0 78 
ment 


30,000 X gsed- | Large microsomes 3.5 28.8 82 
iment 
60,000 * gsed- | Microsomes 1.2 16.9 141 
iment 
105,000 xX g| Light microsomes 1.1 2.9 26 
sediment 


105,000 X gsu- | Soluble fraction 4.5 0.2 0.4 
pernatant 
fraction 
z= T T T 
22- 
S U 
= 
14— 
mom 
4+ ge 
< 
4 
ze 2 
5 20 120 180 


60 
TIME (MINUTES) AT 37°C 


Fic. 1. PBI, Unknown 2, and Unknown 1 formation in sheep 
thyroid microsomes as a function of time. 
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Fic. 2. PBI?* formation in sheep thyroid mitochondrial-mi- 
crosomal preparations as a function of time and temperature. 
PBI!#! determined by trichloroacetic acid precipitation. 
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TABLE II 


Iodide Binding in Thyroid 


Effect of physical and chemical agents on PBI'*' formation 
in thyroid mitochondria 


Samples of 1 ml containing 50 wmoles of Tris-HCl buffer, pH 
7.4, 1 we of I'*!,1 mumole of KI, and 250 umoles of sucrose were incu- 


bated for 1 hour. 


Experimental variable 


Per cent of control 
PBL 


Boiled, 100°, 1 min., 

Heated, 65°, 1 min. 

Frozen 

Nitrogen atmosphere 

HgCl. (10-4 M) 

DNP (10-4 m) 

KCN (10-3 

Methimidazole (10-? m) 

KSCN (10-3 m) 

KCIO, (10-3 m) 

FMN (5 X 10-4 m) 

Sheep thyroid supernatant fraction 
Supernatant dialyzed against NaCl 


Supernatant passed through Dowex column 


Catalase* (0.2 mg per ml) 


2.5 
70 


* Crystalline catalase, Worthington Biochemical Corporation, 


Freehold, New Jersey. 


20 

= '8- Control - 
J 
No Thioglycollate 
Reduced Glutathione _ 
2b Mercaptoethonol _ 


6 4 3 


-LOG MOLAR CONCENTRATION 
Fic. 3. Effect of sulfhydryl-containing compounds on PBI!3 


formation in sheep mitochondria. 


TABLE III 


Effect of cupric ion and Penicillamine on PBI'*! and Unknown 2 


formation in thyroid mitochondria 


Experimental procedure as in Table II. 


Test material 


Per cent of control 


Unknown 2 
CuCl. (1074 m) 78 450 
CuCl, (10-4 mM) + penicillamine (10~4 61 130 
M) 
Penicillamine (10-4 m) 34 54 


KCN (10-* mM), methimidazole (10-* m), KSCN (10-* m), and 
HgClz m). KCI1O, (10-* M) was minimally inhibitory, and 
DNP (10-* M) was not inhibitory. EDTA (10-3 m), CaCl, 
(10-3 m), and MgCl, (10-* m) were without effect on microsomes. 
EDTA depressed PBI'* formation in mitochondria, and the de- 
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pression could variably be overcome by stoichiometric amounts 
of CaClz or MgCle MgCle (10-3 m) usually stimulated PBpa 
formation in mitochondria. The effects of EDTA, Ca++, and 
Mg** on mitochondria were inconsistent. The 105,000 x 
supernatant was inhibitory, but supernatant dialyzed againgt 
cold 0.145 m NaCl or passed through a Dowex 1, Cl~ cycle, resin 
column was less so. FMN (5 X 10-‘ M) strongly stimulated 
Unknown 2 and PBI?* formation. 

Cysteine, sodium thioglycollate, mercaptoethanol, and re. 
duced glutathione were inhibitory at 10~* mM, with diminishing 
effect at lower concentrations (Fig. 3). Mercaptoethanol was 
inhibitory even at 10-* m concentration. 

Cupric ion markedly augmented Unknown 2 formation, 
PBI! formation was uninfluenced or decreased. Penicillamine 
alone inhibited PBI? and Unknown 2 formation. Penicilla- 
mine partially overcame the cupric ion effect when added in a 
stoichiometric amount (Table ITI). 

Cytochrome c (5 X 10-4 m), AMP (5 X 10-4 Mm), ATP (5 x 
10-4 m), fumarate (10-? m), malate (10-7 m), and nicotinamide 
(4 < 10-3 o) alone and in various combinations did not enhance 
PBI!* formation. 

Catalase (0.2 mg of protein per ml) was markedly inhibitory, 

PBI" Formation in Various Sheep Tissues (Table I1V)—There 
was minimal binding of iodide by mitochondria from kidney, 
spleen, and liver. The preparations were made as described 
for thyroid tissue. Equal quantities of tissue were used in the 
preparation of the mitochondria, but no attempt was made to 
equalize mitochondrial nitrogen in the flasks. Thus, when ex- 
pressed as PBI'* formation per mg of protein, thyroid cell par- 
ticles are by far the most active. 

Effect of Stable '*’—Iodination was not simply an exchange of 
[431 for particulate P?’. KI!” added in high concentration during 
the incubation procedure halted further formation of PBI", 
but did not release the I’ already bound (Fig. 4). 

PBI'* formation expressed on a percentage basis diminished 
as KI concentration was increased from 10-* to 10-5 m (Table V). 
However, when expressed as micrograms of I!” bound, it in- 
creased with each increase in substrate (iodide) concentration. 
Above 10-5 m the difference between control and experimental 
samples became so small that calculations were inaccurate. 

Solubulization of Particulate PBI*'\—A soluble iodinated pro- 
tein could be separated from the incubated sheep thyroid par- 
ticles by the action of ultrasound, deoxycholate, digitonin, or 
Triton. Labeled particles were sedimented by centrifugation, 
the supernatant discarded, and the sediment made up in fresh 
0.25 mM sucrose containing 0.05 m Tris buffer. Aliquots contain- 
ing 10 to 20 mg of protein were treated as follows: 

1. Homogenized in ice cold 1% Triton. 

2. Placed in a 10-ke sonic oscillator for 5 minutes. 

3. Mixed with equal volume of 1% digitonin for 20 minutes 
at 4°. 

4. Incubated with 66% of their protein weight of sodium 
deoxycholate at 37° for 10 minutes. 

5. Incubated at 37° with KSCN (10 m), KCN (107 m), 
NaOH (10-1 m), or HCl (1 m) for 20 minutes. 

6. Reincubated at 37° for 20 minutes as control. 

At the end of treatment aliquots were chromatographed and 
subjected to electrophoresis. Electrophoresis of aliquots of the 
control mitochondrial suspensions reincubated for 20 minutes 
disclosed most of the protein and I#*! at the origin (Fig. 5A). A 
small protein component appeared just ahead of the origin. 
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Homogenization of mitochondria with Triton caused apparent 
lysis of the mitochondria with spreading of the protein and I" 
along the strip on subsequent electrophoresis. Digitonin and 
sonic oxcillation had a similar but less marked effect under the 
conditions of the experiment. 

Treatment by deoxycholate caused apparent destruction of 
the particles, since little protein and I'*! remained at the origin. 
Instead, there was a small amount of protein and radioactivity 
in an area corresponding to the mobility of normal serum £-y- 
globulin and a major iodinated component with the mobility of 
serum albumin. (Mobility of protein was compared during each 
trial with normal human serum or sheep thyroglobulin.) The 
solubilization of protein from particles by deoxycholate was 
repeatedly demonstrated regardless of whether mitochondria or 
microsomes were used. When microsomes were the substrate, 
less particulate residue remained at the origin than when mito- 
chondria were so treated. 

Incubation of the mitochondria with KSCN induced no 
change in the electrophoretic pattern. Incubation with NaOH 
(Fig. 5B) caused breakdown of the particles. A dense protein 
and I! band appeared just ahead of the origin. Treatment 
with HCl caused the protein to remain at the origin on subse- 
quent electrophoresis. The amount of PBI'* detected chroma- 
tographically was not altered by treatment with Triton, sonic 
disintegration, digitonin, or deoxycholate. Incubation of [!- 
labeled particles with KSCN diminished the per cent PBI"! 
detected by chromatography to 76% of the contro] value but 
did not alter the electrophoretic pattern. 

Studies were made to determine the optimal concentration of 
deoxycholate, following the procedure given by Littlefield et ai. 
(9). Muitochondria-microsomal preparations, or microsomes, 
were incubated with concentrations of deoxycholate ranging 
from 0 to 1.66% in glycyl-glycine buffer (pH 8) at 4° for 20 
minutes. After centrifugation at 100,000 x g, RNA and pro- 
tein content of the sediment: was determined. Results proved 
erratic. It was not possible to find a deoxycholate concentra- 
tion that achieved good solubilization of particulate protein 
without solubilizing particulate RNA as well. In a modified 
procedure microsomes were incubated with I! for 1 hour in 
Tris-sucrose buffer. After incubation the particles were col- 
lected by centrifugation, and made up in fresh Tris-sucrose. 
Then 1-ml aliquots of thyroid particulate fractions in Tris- 
sucrose buffer were mixed with increasing amounts of a 2% de- 
oxycholate solution in 0.25 M sucrose, and incubated at 37° for 
10 minutes. The tubes were subsequently filled with cold 0.25 
M sucrose and centrifuged at 105,000 x g for 1 hour. Sediment 
RNA and protein were determined as outlined by Littlefield. 
With increasing concentrations of deoxycholate, the RNA and 
protein were both increasingly solubilized, the protein more 
readily than RNA. At the concentrations subsequently used, 
about 85% of PBI", 60% of particulate protein, and 30% of 
particulate RNA were released from the particles. Ribonucle- 
ase and protease activity of the particles may also contribute 
to this solubilization (Fig. 6). 

Studies of Solubilized Protein—Preparation of significant 
quantities of this “deoxycholate-released protein’? was accom- 
plished by treating 20 ml of the labeled mitochondria as above. 
Immediate clearing of the suspension was visible upon addition 
of the deoxycholate. After centrifugation, the tube contained 
a clear yellow solution above a small waxy yellow-brown pellet. 
This residual material probably represented some intact mito- 
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TABLE IV 


PBI'*| formation in various sheep tissue 
mitochondrial fractions 


Mitochondrial preparations twice usual concentration were em- 


ployed. Incubation procedure as in Table IT. 
Per cent of 
PBI'® forma- | Mg of protein | Per cent of 
Preparations tion (trichloro- in sample PBI'® per 
acetic acid (1 ml) mg of protein 
method) 
Liver mitochondria 4.3 150 0.029 
Liver boiled 1.5 — 
Kidney mitochondria 1.3 71 0.018 
Kidney boiled 1.8 — 
Spleen mitochondria 2.5 60 0.042 
Spleen boiled 1.4 — 
Thyroid mitochondria 35.0 51 0.69 
Thyroid boiled 1.6 — 
7 

* ADDED 

< 

«Kt 

ADDED 

5 10 12 20 22 30 50 


TIME (MINUTES) AT 37° 

Fia. 4. Effect of KI??? on PBI'*! formation in mitochondrial- 
microsomal preparation in Krebs-Ringer phosphate buffer. 
Paired flasks contained initially 1 we of I'*! and 0.2 myumole of 
KI'?7 in 2 ml. One hundred umoles KI!?7 were added to each of 
one pair at 11 minutes of incubation, and to a second pair at 21 
minutes. Points of observation of per cent PBI'*! formation are 
plotted for these and for control flasks. 


TABLE V 
Effect of increasing concentration of on PBI and 
formation in sheep mitochondria 
Procedure as in Table II, except that KI'?? was added to give 
final concentration as listed. 


Average mumoles 
Substrate concentration Per cent of PBI'* formed | of PBI'?? formed 
per ml per hour 
KI | 6.5 +0.1* 0.065 
KI 2 XK 6.3 + 0.1 0.106 
KI 4 X 10°°' 4.55 + 0.55 0.182 
KI6 XK 4.55 + 0.35 0.273 
KI 8 XK 2.95 + 0.15 0.236 
KI 2.75 + 0.5 0.275 
KI 10-* m (boiled) | 0.65 + 0.05 0.006 


* Average and range of duplicates. 


0. 
x9 
ainst 
resin 
lated | 
1 re- 
shing 
Was 
tion. 
mine 
illa- 
in a 
ide 
ance 
ory. 
here 
ney, 
ibed 
the 
e to 
@X- 
par- 
re of 
ring 
shed 
» V). 
in- 
i0n. 
ntal 
pro- 
par- 
, or 
ion, 
resh 
M), 
and 
the | 


1594 


Fic. 5A. Effect of various procedures on particulate iodinated 
protein electrophoretic mobility. Electrophoretograms on left; 
contact radioautograph on right. See text for detailed procedure. 
1, Human serum; 2, Sheep thyroglobulin; 3, Mitochondria and 
microsomes with KCN (10-2 mM); 4, With 1% Triton; 5, With KSCN 
(10-! m); 6, Mitochondria and microsomes treated by 10-ke sonic 
oscillator; 7, With 0.79 deoxycholate; 8, Untreated reincubated 
control; 9, With 1% cold digitonin; 10, Original preparation after 
first incubation, but before subsequent sedimentation. 

Fic. 5B. Effect of various agents on particulate iodinated pro- 
tein electrophoretic mobility. Electrophoretogram on left; con- 
tact radioautograph on right. 1, Normal serum; 2, Sheep thyro- 
globulin; 3, Mitochondria + microsomes incubated with NaOH 


(10-' m); 4, With HCI (1 m); 8, Reincubated control. See text for 
detailed procedure. 
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% DESOXYCHOLATE 
Fig. 6. Solubilization of particulate protein and RNA by so- 
dium deoxycholate in Tris-HCl at pH 7.4. Samples incubated 
10 minutes at 37° with graded concentrations of deoxycholate. 
Sedimentable protein + RNA expressed as per cent of control in- 
cubated without deoxycholate. 
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chondria and microsomes, mitochondrial membranes, and nu- 
cleoprotein (9, 10). The supernatant material contained the 
above-noted iodinated protein. Although the presence oi de- 
oxycholate increased the rate of electrophoretic migration of 
proteins, including thyroglobulin, the solubilized particulate 
protein moved at the same speed after dialysis 14 hours against a 
0.9% NaCl solution. This presumably would have removed a 
major portion of the free deoxycholate. A 0.5% sheep thyro- 
globulin migrated electrophoretically at the speed of albumin in 
the presence of 1% deoxycholate, but dialysis against 0.14 u 
NaCl restored its original electrophoretic mobility. The deoxy- 
cholate-solubilized protein failed to retain a Sudan black lipo- 
protein stain or glycoprotein stain. 

The material released by deoxycholate included, in addition 
to an iodinated protein, iodide™ and a butanol-soluble iodinated 
component apparently loosely bound to the protein. This ma- 
terial traveled at the solvent front on chromatograms. In a 
typical preparation of the deoxycholate-released protein, chro- 
matography distributed I'*' at the origin (33% PBI"), the 
iodide zone (19%), and solvent front (48%). Dialysis removed 
the iodide. In this specimen I was 81% insoluble in 20% 
trichloroacetic acid and 27% insoluble in n-butyl alcohol. Half 
of the trichloroacetic acid precipitable I! was soluble in n-butyl 
alcohol. If the protein was incubated at room temperature with 
KI (10-7 m) for 10 minutes before trichloroacetic acid precipita- 
tion, the trichloroacetic acid precipitable PBI'*! was reduced by 
20 to 50%. However, percentage distribution of I among the 
various components on chromatograms failed to demonstrate 
preferential exchange of stable I'” with one component.  Rein- 
cubation of iodinated deoxycholate-released protein with stable 
monoiodotyrosine or diiodotyrosine did not diminish PBI", 

Deoxycholate-solubilized protein was dialyzed 14 _ hours 
against 0.14 m NaCl, made up to a 0.2% solution, and subjected 
to ultracentrifugal analysis. Two components were visible; a 
major peak with sg, = 2.4 (85% of protein) and minor peak 
of 820,» = 12.2 (15% of protein) (Fig. 7A). Ultracentrifugation 
of sheep thyroid soluble protein in the presence of a similar con- 
centration of deoxycholate did not produce a slow moving pro- 
tein peak, and the thyroglobulin peak remained distinct (Fig. 
7B). Digestion of the deoxycholate-released protein by chymo- 
trypsin-liberated labeled monoiodotyrosine, and variably some 
labeled diiodotyrosine. 

Salting out of the solubilized particulate protein was at- 
tempted following the method employed for thyroglobulin (11). 
However, when the protein-phosphate buffer mixture was 
shaken with ether to flocculate insoluble protein, 80% or more 
of the proteins and I! immediately became insoluble regardless 
of buffer concentration. This phenomenon was attributed ten- 
tatively to extraction into the ether of deoxycholate or lipid 
moieties necessary for solubility of the protein. 

No precipitins were detected in Ouchterlony diffusion plates 
when the deoxycholate protein was allowed to react with rabbit 
antihuman thyroglobulin. Sheep thyroglobulin did cross-react 
with this antiserum. 

Lack of PBI" Formation by Solubilized Protein—The deoxy- 
cholate-released protein did not form PBI! when incubated in 
Tris buffer with I (Fig. 8A) (Table VI). Addition of ATP 


(10-4 m) or GTP did not restore PBI!-forming activity. 

Formation of Similar Protein in Vivo and in Slices—A protein, 
behaving similarly to the sheep thyroid particulate protein after 
deoxycholate solubilization, has been identified in the mito- 
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Fic. 74. Ultracentrifuge pattern of deoxycholate released pro- 
teins. The upper pattern shows a major peak of s2,. = 2 and 
minor Of = 12. No thyroglobulin peak (820. = 19) is visible. 
Direction of migration is to right. Concentration 0.4% in 0.14 m 
NaCl. A comparison can be made to the human thyroid soluble 
proteins below, showing a peak at s20,. = 28, thyroglobulin at 
$9.0 = 19, and a peak at 820,v = 4. 


chondria of human thyroid tissue labeled in vivo and in sheep 
thyroid slice mitochondria labeled in vitro (Fig. 8B). 
DISCUSSION 

Sheep thyroid subcellular particles formed PBI'* through the 
action of a heat-labile system. Mitochondrial preparations 
known to be absolutely pure were not studied, but the near 
equality of I” bound in “mitochondrial” and ‘“microsomal”’ 
preparations per mg of protein suggested that mitochondria had 
intrinsic enzymatic activity. An alternative explanation is that 
some particles present in each fraction (e.g. large microsomes) 
were the single active element. Activity of the nuclear fraction 
could probably be ascribed to contamination with whole cells 
and smaller particles. The untreated 105,000  g supernatant 
was inhibitory, but the inhibition was decreased after dialysis or 
passage through an anion exchange column. The presence of 
iodide in the supernatant was a possible explanation of this 
phenomenon, since, by dilution, stable I!” would decrease ob- 
served PBI! formation. Sheep liver, spleen, and kidney prepa- 
rations were much less active in forming PBI". 

Peptide-linked moniodotyrosine and some diiodotyrosine, but 
no iodothyronines, were formed. In addition, the particles ap- 
parently accumulated free iodide since in the presence of high 
particle to media concentration gradients, 20% of the particu- 
late I’ behaved as iodide on chromatography. Two iodinated 
products of unknown nature were also formed in the reaction, 
perhaps as oxidation products of iodide. Of these, the solvent 
front running material, Unknown 1 sedimented with the par- 
ticles, was readily extracted by n-butyl] alcohol, and possibly was 
an iodinated lipid. Unknown 2 did not accumulate in the par- 


Fic. 7B. Ultracentrifuge pattern of sheep thyroid homogenate 
supernatant fraction. Migration to right. A 0.5% protein prep- 
aration in 0.14 mM NaCl. Duration of sedimentation, 58 minutes. 
The preparations are similar except for the presence of 0.7% 
deoxycholate in the upper sample. Sedimentation constants were 
identical, as were the percentage distributions of protein. 


ticle, but instead diffused into the media. Its nature is quite 
unknown. 

The reaction grossly followed first order kinetics, and between 
0° and 37° the rate was proportional to the temperature. 

Perchlorate, an agent known to block iodide trapping in vivo, 
did not inhibit PBI formation. Mercuric ion, an agent which 
could affect the availability of —SH bonds in enzymes or cofac- 
tors, was strongly inhibitory. Methimazole, mercaptoethanol, 
thioglycollate, cysteine, and reduced glutathione all dimin- 
ish the iodide-binding activity of the preparation. These com- 
pounds may act as direct reducing agents on an oxidized iodine 
intermediate, or possibly as competitive substrates of an oxidiz- 
ing system. DNP did not inhibit PBI formation, and anoxia 
caused a partial reduction. This suggested oxidative-phospho- 
rylation was only indirectly involved in PBI" formation. Com- 
plete inhibition of PBI'* formation by anaerobiosis has been 
reported previously by others (1). 

Dilution of iodide™ by stable I'” made interpretation of 
iodide inhibition studies difficult. No clear evidence of inhibi- 
tion by iodide was demonstrated. 

PBI'* and Unknown 1 formation proceeded at parallel rates, 
decreasing with time. The rate of Unknown 2 formation re- 
mained more constant over the observed period. This dissocia- 
tion was marked in the presence of FMN and CuCl, which 
augmented Unknown 2 formation at the expense of the other 
components of the system. 

The inhibition by Penicillamine suggested that cupric ion may 
be a cofactor, although Penicillamine could have acted as a re- 
ducing agent. 

The marked inhibition by catalase, in contrast to the experi- 
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Fig. 8A. Lack of PBI'*! formation by deoxycholate solubilized 
protein. Electrophoretogram on left; radioautograph on right. 
1, Mitochondria incubated with I'*! for 60 minutes; 2, Same ma- 
terial as in 1, treated with 0.7% deoxycholate for 10 minutes after 
incubation; 3, Same preparation as in 1 but treated with deoxy- 
cholate before incubation. Insoluble material removed by ultra- 
centrifugation before incubation with ['*. 

Fic. 8B. Effect of deoxycholate on proteins iodinated in vivo 
from a human gland. Electrophoretogram on left; radioauto- 
graph on right. 1, Mitochondria, incubated with deoxycholate; 
2, Untreated mitochondria; 3, Homogenate incubated with deoxy- 
cholate; 4, Untreated homogenate; 5, Microsomes incubated with 
deoxycholate; 6, Untreated microsomes. 


TaBLe VI 
Formation of PBI in deoxycholate fractionated 
microsome preparation 


Incubation procedure as in Table II. See text for details of 


preparation. 
Per cent PBI"?! per mg of 
of PBL per mg of protein as per 
formed protein cent of control 
Whole microsomes 17.5 | 7.4 a 
Deoxycholate — solubilized 2.1 1.2 16 
protein 
Deoxycholate sediment 11.0 7.9 107 


ence of some workers (1), suggested the importance of H2Oz in 
the system. Taken together with Taurog’s observations on 
FMN stimulation, confirmed in this report, one may reason that 
flavin enzyme production of H:Os was the essential enzymatic 
activity of the preparation. “HO. might form an oxidized 
iodide molecule which could then iodinate protein, or soluble 
substrates as in the Serif and Kirkwood system (6). 

The data confirmed in large part the findings of Taurog, Tong, 
and Chaikoff (1-3) with one particular exception. In our sys- 
tem catalase was markedly inhibitory, as it was in the studies of 
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Serif and Kirkwood (6). They also confirmed data on PBPa 
formation presented by Lamberg et al. (8) with the exception 
of the present observation on cupric ion. In the present ex. 
periments PBI formation was variably affected by this ion, 
but Unknown 2 formation was remarkably stimulated. 

In this sheep thyroid mitochondrial-microsmal system, [!4 
was bound to particulate material which could be removed from 
the incubating medium by centrifugation. Essentially no solu- 
ble iodinated protein was formed. However, treatment of the 
mitochondria or microsomes with a number of agents, especially 
deoxycholate, disrupted the physical integrity of the particle. 
Soluble labeled iodine then appeared in three forms: (a) iodide, 
(6) a component which ran at the solvent front on chro- 
matograms, was precipitated with protein by trichloroacetic 
acid, and was extractable from protein by n-butyl alcohol, and 
(c) peptide-bound iodinated amino acids. The inorganic jio- 
dide™! was attached to the particles by a very loose bond, and 
no evidence suggested it was present at any oxidation level other 
than as iodide. Unknown 2 was present in the incubating 
medium, but did not sediment with the particles. The solvent 
front running material (Unknown 1) associated with the deoxy- 
cholate protein could represent (a) an iodinated intermediate in 
the formation of iodotyrosine, or (6) iodide bound to or associ- 
ated with normal mitochondrial or microsomal lipid. 

The iodoprotein consisted of at least two components. The 
major element had a sedimentation constant 82, = 2.4, and 
moved electrophoretically faster than thyroglobulin in barbital 
buffer. It did not take a lipoprotein or glycoprotein stain. It 
was insoluble under conditions in which thyroglobulin was solu- 
ble. Thus, the protein was distinct from thyroglobulin. Ap- 
parently an intact mitochondrion is necessary for its iodination, 
since the presolubilized protein did not form PBI" when incu- 
bated with I. This suggested that a certain steric relation- 
ship must exist between the oxidative apparatus and the recep- 
tor protein. The minor protein component with Svedberg of 
12 has not been further studied. 

Three general hypotheses are available to explain the signifi- 
cance of this iodoprotein: 

1. It may represent a polypeptide precursor of thyroglobulin. 

2. It may represent monoiodotyrosine and diiodotyrosine 
attached to an intermediate molecule which in vivo would be 
transported into the colloid and transferred to thyroglobulin. 

3. It may represent nonspecific iodination of mitochondrial 
proteins occurring because a potent iodide oxidation system in 
thyroid mitochondria and microsomes produces an “oxidized 
iodine”’ molecule allowing indiscriminate protein iodination. 

The third possibility is supported by the nonspecificity of the 
reaction, since a similar iodinating system was present in all 
particulate fractions of the thyroid cell, and to smaller extent, 
in other tissues (12). Some support for either of the first two 
hypotheses comes from the demonstration of a similar iodinated 
protein in human thyroid mitochondria labeled in vivo and sheep 
thyroid slices labeled in vitro. This suggests that iodination of 
the protein is at least physiological, if not a direct step in thy- 
roid hormone biosynthesis. Studies on the formation of this 
particular protein in sheep slices underway at present in this 
laboratory lend no support to the concept that it is a precursor 
of thyroglobulin. No period of accumulation and subsequent 
release of iodinated protein from mitochondria or microsomes 
has been detected in studies of sheep thyroid slices over the time 
period 1 minute to 10 hours. 
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At present it seems possible that the iodination of thyroid 
particulate protein represents a physiological byway. It is per- 
haps mediated by the same oxidative enzyme systems important 
in thyroxine formation, but is not obviously in the main path- 
way of thyroid hormone systhesis. 


SUMMARY 


Sheep thyroid mitochondria or microsomes form labeled pro- 
tein-bound iodide ™! and two unidentified iodinated compounds 
when incubated with I. The reaction is heat labile and is 
inhibited by boiling, and by cyanide, mercuric ion, and sulfhy- 
dryl-containing compounds. Cupric ion stimulates Unknown 
? formation. Catalase is markedly inhibitory. No metal or 
nucleotide cofactors have been identified. The reaction is not 
an exchange of stable for labeled [}*. 

The protein-bound iodide! exists as labeled monoiodotyro- 
sine and some diiodotyrosine, and can be solubilized as a labeled 
protein from the particles by deoxycholate. The solubilized 
protein migrates electrophoretically at the speed of albumin, has 
a major component of s2., = 2 on ultracentrifugation, does 
not behave as thyroglobulin in phosphate buffer, and is immuno- 
logically distinct from thyroglobulin. The protein will not form 
protein-bound iodide‘! when separated from the particles prior 
to incubation with 

Although a similar iodinated protein can be recovered from 
sheep thyroid slices labeled in vitro or human glands labeled in 
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vivo, it seems unlikely that this iodination represents the normal 
pathway of thyroid hormonogenesis. 
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Among the alterations observed in the nitrogenous constitu- 
ents of skeletal muscle of severely vitamin E-deficient rabbits is a 
decrease in the concentrations of carnosine and anserine (1, 2). 
The experiments of Razina (3) on the synthesis of carnosine in 
hepatectomized and nephrectomized rats implicate skeletal mus- 
cle as a major site of their synthesis. This site is also indicated 
by studies on the synthesis in vitro of anserine and carnosine from 
the constituent amino acids by carnosine synthetase from chick 
pectoral muscle (4, 5). However, it is of interest that the rat 
may not utilize the same pathway for the formation of anserine 
(6, 7) and the liver is not completely excluded as a possible site 
of synthesis (8). 

An increased urinary amino acid excretion is also a prominent 
feature of a vitamin E deficiency in rabbits (9) and in human 
progressive muscular dystrophy (10, 11). Excretion of 1-meth- 
vlhistidine has been observed in these conditions (12, 13) and 
Fink el al. (13) have observed that 1-methylhistidinuria generally 
precedes the appearance of creatinuria, thus making it one of 
the earliest detectable symptoms of nutritional muscular dys- 
trophy. 

These observations suggested the presence of an abnormality 
in the metabolism of anserine and carnosine as a result of, or 
concomitant with, the appearance of muscular dystrophy and 
formed the basis for the experiments reported in this paper. 
Concentrations of 1-methylhistidine excreted in the urine and the 
levels of anserine and carnosine in muscle were determined by a 
column chromatographic procedure at various stages in the de- 
velopment of a nutritional muscular dystrophy in rabbits. In 
addition, the utilization in vivo of L-methionine-methyl-C™ and 
pL-histidine-2-C"™ for the synthesis of anserine and carnosine was 
determined as measured by their incorporation into the peptides 
after varying periods of time. 


EXPERIMENTAL 


General Experimental Procedure—Rabbits of the New Zealand 
strain weighing 600 to 1200 g were maintained on a purified diet 
(14) with or without oral supplements, given three times a week, 
of 4 mg of a-tocopherol per kg of body weight. The animals 
were weighed and urine samples were collected every other day. 
At times indicated by the creatine to creatinine ratios and alter- 
ations’ in muscle tonus, the rabbits were given an intraperi- 


* A preliminary report of this investigation was presented be- 
fore the Forty-ninth Annual Meeting of the American Society of 
Biological Chemists at Philadelphia, Pennsylvania, April 14 to 
18, 1958. This investigation was supported by a grant from the 
Muscular Dystrophy Associations of America, Inc. 


toneal injection of L-methionine-methy]-C™ or pt-histidine-2-C™ 
dissolved in 2 ml of 0.9% sodium chloride solution at levels of 4 
to 5 wceuries per 10 wmoles per kg of body weight. After periods 
of from 5 to 48 hours the animals were killed by dislocation of the 
cervical vertebrae and the leg muscles were excised and frozen 
immediately in a Dry-Ice-acetone mixture. Samples of 20 g of 
skeletal muscle were freed of gross fat and connective tissue and 
the imidazole constitutents were isolated by a procedure de- 
scribed previously (7). 

Chromatographic Isolation Procedures—The isolation of {-ala- 
nine, histidine, and the methylhistidines is based on the ion ex- 
change carrier displacement chromatographic method described 
by Buchanan (15). Dowex 50-X4(200-400 mesh) was gener- 
ated in the H+ form (16) and then washed repeatedly with 0.2 
2,6-lutidine or @-picoline until it was saturated. It was ready 
for use after washing with water until the eluate was neutral. 
The fraction containing the imidazole constituents was applied 
to a Dowex 50-2 ,6-lutidine column, 0.9 * 9 cm, and the column 
was then eluted with 0.1 m 2,6-lutidine. This separated his- 
tidine and 1-methylhistidine from the peptides. The peptide 
fraction was concentrated to dryness under reduced pressure in a 
rotary evaporator and hydrolyzed in 6 N HCl in a sealed tube at 
110° for 5 to 16 hours. After removing HC] by repeated con- 
centration in a stream of air, the hydrolysate was chromato- 
graphed on a column of Dowex 50-a-picoline, 0.8 * 9 cm, and 
the column was eluted with 0.1 M a-picoline. This column also 
separated 3-methylhistidine as well as 8-alanine, histidine, and 
1-methylhistidine. After concentration to dryness followed by 
dilution to a given volume with water, the compounds were as- 
saved by reaction with ninhydrin (18) with the appropriate amino 
acids as standards. Results are expressed in terms of milli- 
moles per 100 g of tissue or per g of noncollagenous nitrogen and 
the concentrations of histidine and 1-methylhistidine are repre- 
sentative of carnosine and anserine respectively. 

For isolation of 1- and 3-methylhistidines from urine, the 
urine samples were adjusted to pH 3 and aerated to remove car- 


1 p-Methionine-methyl-C' was purchased from Isotopes Spe- 
cialties Company, Inc., Glendale, California; pui-histidine-2-C%, 
L-carnosine, and pi-l-methylhistidine were obtained from the 
California Corporation for Biochemical Research. 1L-Anserine 
was isolated from fresh cod fish muscle by procedures described 
here and in an earlier paper (7). vuL-3-Methylhistidine was pre- 
pared by methylation of phthaloylhistidine with dimethylsulfate 
(17) and it was isolated by chromatography on Dowex 50-a-pico- 
line columns as described here. The product was compared with 
an authentic sample of 3-methylhistidine which was kindly sup- 
plied by Dr. Robert Cowgill. 
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bon dioxide, and then they were treated similarly to the muscle 
extracts except for elimination of acid hydrolysis. 

All of the compounds were checked for purity by paper chro- 
matography on Whatman No. 3 paper in phenol-0.1 m phosphate 
buffer, pH 6.6, 7:1 and in ethanol-ether-phosphate buffer, pH 
6.6, 15:12:4 (6). The identity of representative samples of 
urinary 1-methylhistidine was checked by comparison of their 
infrared absorption spectrum with that of an authentic sample. 

Noncollagenous nitrogen was determined by the method of 
Lilienthal et al. (19). Creatine and creatinine were determined 
by the method of Lambert (20). Methionine was assayed by the 
procedure described by Williams et al. (21) and degraded by the 
Baernstein degradation (22) as used by Berg (23). Carnosinase 
activity was determined by procedures described by Hanson and 
Smith (24). 

Radioactive samples were diluted to a given volume and 1- to 
9-ml aliquots were plated and dried on aluminum planchets and 
counted as infinitely thin samples to +2¢% accuracy in a gas 
flow Geiger counter with a Micromil window. 


RESULTS 


Chromatographic Separation of B-Alanine, Histidine, 1-Methyl- 
histidine, and 3-Methylhistidine—These constituents may be 
separated on either Dowex 50-2 ,6-lutidine or Dowex 50-a-pico- 
line columns. The a-picoline columns have proved to be more 
useful since complete resolution is effected on a comparatively 
small column and the 2,6-lutidine columns have been used _ par- 
ticularly in preliminary separation of the free amino acids from 
the peptides. A typical separation of a mixture of 15 umoles 
samples of histidine, 1-methylhistidine, carnosine, and anserine 
on a Dowex 50-2,6-lutidine column, 0.8 & 15 cm, with 0.1 M 
2.6-lutidine as eluting agent gave a breakthrough of histidine 
after 13 ml, appearance of 1-methylhistidine after collecting 17 
ml of eluate, and breakthrough of a mixture of carnosine and an- 
serine after collecting 41 ml. 

Fig. 1 shows a separation of 15-umole samples of @-alanine, 
l-methylhistidine, 3-methylhistidine, and histidine on a Dowex 
30-a-picoline column, 0.8 X 9cm. #$-Alanine appears with the 
solvent front followed by 3-methylhistidine, then histidine, 
which is separated completely from 1-methylhistidine. Re- 
coveries varied between 93 and 100% in repeated isolations. 

Excretion of Urinary 1-Methylhistidine—The chromatographic 
procedures were first applied to a study of the excretion of the 
methylhistidines in the rabbit in varying stages of vitamin E 
deficiency. Fig. 2 shows the results of measurement of 1-meth- 
vihistidine excretion from zero to 35 days by rabbits on a defi- 
cient diet. Levels of 1-methylhistidine are expressed as umoles 
excreted in a 24-hour period per kg of body weight and these are 
compared with the changes in the creatine to creatinine ratio. 
Normal rabbits excreted 3.7 to 9.5 umoles of 1-methylhistidine 
in a 24-hour period. ‘Tallan (17) has also reported a low level 
excretion of this compound by normal rabbits. However, Datta 
et al. (25) failed to detect it and Fink ef al. (13) have recently 
reported that only 2 out of 22 normal rabbits showed a detectable 
irregular 1-methylhistidine excretion. 

With the creatine to creatinine ratio as an indicator of the on- 
set and increasing severity of the experimental dystrophy (26), 
it is seen that there is a slight increase in methylhistidine excre- 
tion by the 7th day which is within the limits of a high normal 
excretion. However, the creatine to creatinine ratio is un- 
changed. At 25 days, both methylhistidine excretion and the 
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creatine to creatinine ratio are elevated and by the 30th day, 
they are distinctly indicative of muscular dystrophy. At 35 
days when the rabbits have reached the terminal stage of an acute 
vitamin E deficiency and the creatine to creatinine ratio is 4.2, 
the excretion of 1-methylhistidine reaches a value of 38 umoles 
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Fic. 1. Separation of A, 8-alanine, B, 3-methylhistidine, C, 
histidine, and D, 1-methylhistidine on Dowex 50-a-picoline col- 
umn, 0.8 X 9 cm. 
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atinine ratios in vitamin E-deficient rabbits. Ranges shown for 
10 rabbits. 
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per 24-hour urine sample. In two animals, values of 60 to 62 
pwmoles were seen. These findings agree qualitatively with those 
reported by Fink et al. (13), but our animals excreted smaller 
amounts than reported in their investigation. No definite con- 
clusion may be drawn from this study as to whether the increased 
creatine to creatinine ratio occurs subsequent to the increase in 
1-methylhistidine excretion as has been reported by Fink et al. 
(13). No 3-methylhistidine was detected in any of the urine 
samples. 

Concentration of Peptides in Muscle in Vitamin E Deficiency— 
Several workers (1, 2) have observed that severe vitamin E 
deprivation in rabbits leads to decreased levels of muscle anserine 
and carnosine. Tallan (2) reported a decrease in the late stages 
of deficiency, but he did not observe a decrease in the combined 
carnosine-anserine peak obtained in chromatographic analysis of 
muscle from a rabbit in the early stages of dystrophy. Table I 
shows the results of two experiments in which the anserine and 
carnosine concentrations were measured in rabbits maintained 
on a chow diet, on a purified diet supplemented with a-tocoph- 
erol, and on a purified diet deficient in vitamin E. Concentra- 
tions were determined on rabbits in which the creatine to creat- 
inine ratio was elevated to 1 to 2 with no other symptoms (Stage 
I), and on rabbits in which gross symptoms of muscular dys- 
trophy were apparent (Stage III) (26). Results are expressea 
in terms of millimoles of peptide per 100 g of wet weight of mus- 
cle and as millimoles per g of noncollagenous nitrogen. The 
latter unit is necessary since dystrophic muscle undergoes varying 
degrees of replacement by collagen and lipids (27). It should be 
noted that the noncollagenous nitrogen determinations in Ex- 
periment 1 were done on untreated tissue, whereas the tissue in 
Experiment 2 was first freed of lipids with Bloor’s reagent. It is 
apparent in Experiment 1 that animals in deficiency Stage III 
have a reduced concentration of anserine and carnosine, ex- 
pressed as millimoles per g of noncollagenous nitrogen, amount- 
ing to a 70% and a 64% reduction in anserine compared to the 
chow-fed rabbits and the supplemented rabbits, respectively. 
A similar percentage decrease in carnosine is observed. An- 
serine levels show a decrease in deficiency Stage III in Experi- 
ment 2, but the depression is less marked when expressed in 
terms of noncollagenous nitrogen, perhaps due to the preliminary 
lipid extraction of the tissue. Thus, anserine decreases 54.7% 
in terms of millimoles per 100 g of tissue, but only 33% when 
calculated as millimoles per g of noncollagenous nitrogen. Rab- 
bits, killed when the creatine to creatinine ratios were 1.6 to 2.6, 
show only a 12.3% decrease in anserine. However, carnosine is 
very significantly decreased. These changes were studied in a 
small group of animals and more analyses are desirable to estab- 
lish the point at which a measurable decrease in peptide levels is 
first observed. This is of particular interest in attempting to 
relate the urinary excretion of 1-methylhistidine to the break- 
down of muscle anserine and to evaluate its importance in terms 
of the nutritional muscular dystrophy. 

Incorporation of Labeled Precursors into Anserine and Carno- 
sine—It is obviously not possible to ascertain the contribution of 
increased catabolic or decreased anabolic activity or both to the 
observed decrease in peptide concentrations simply from meas- 
urement of alteration in amounts of the peptides. As a first 
approach to this question, it was of interest to determine whether 
normal and dystrophic rabbit muscles were able to catalyze hy- 
drolysis of the peptides. Carnosinase and anserinase activities 
are widely distributed in a number of tissues, including kidney, 
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liver and spleen, but little or no activity has been reported in nor. 
mal skeletal muscle in the rat (24) or rabbit (28). However, an 
increase in the activities of dipeptidases catalyzing the hydrolysis 
of glycyl-t-luecine and glycylglycine has been reported in extractg 
from dystrophic muscle of vitamin E-deficient rabbits (29). 
Muscle extracts were prepared from the skeletal muscle of nor. 
mal and dystrophic rabbits and their ability to catalyze the hy- 
drolysis of carnosine and anserine was investigated by the assay 
described by Hanson and Smith (24). Several concentrations 
of muscle extract were used and incubations were conducted 
over periods of from 1 to 17 hours, but results were consistently 
negative. Thus, in agreement with other workers, muscle appears 
to be devoid of carnosinase activity. Therefore, it must be con- 
cluded that hydrolysis of anserine, as evidenced by the increased 
1-methylhistidine excretion, occurs external to the muscle. This 
aspect will be discussed later. 

Several workers (30, 31) have demonstrated the incorporation 
of labeled 8-alanine, histidine, 1-methylhistidine, and methionine 
into carnosine and anserine in normal animals and synthesis in 
vitro from @-alanine and the imidazole precursors has been ob- 
tained in chick pectoral muscle (4, 5). The latter findings and 
the studies of Razina (3) in hepatectomized and nephrectomized 
rats show that muscle is able to effect synthesis of the peptides, 
Experiments by Winnick et al. (32) and this laboratory? have 
demonstrated methyl transfer from S-adenosylmethionine to 
form anserine by chick muscle extracts. Thus, it appears that 
the muscle itself has a significant role in the synthetic metabo- 
lism of the peptides. In the present study in vivo, the incorpora- 
tion of labeled p1-histidine and L-methionine into the peptides 
has been used in an effort to evaluate the ability of dystrophic 
muscle to synthesize carnosine from t-histidine and @-alanine 
and to carry out transfer of the methyl group of methionine to 
the methylhistidine moiety of anserine. _ 

Table II shows two experiments in which the incorporation of 
DL-histidine-2-C" has been determined after 5.5, 24, and 48 
hours. Results are expressed as c.p.m. per 100 uwmoles of pep- 
tide. Experiment 1 was limited to rabbits in Stage III deficiency 
whereas Experiment 2 included animals in both Stages I and III. 
DL-Histidine-2-C“, measured after 24 hours, was incorporated 
only slightly into anserine as compared to its utilization for syn- 
thesis of carnosine in both normal and deficient animals. It was 
incorporated into carnosine in deficient muscle as efficiently or 
better than in normal muscle. In contrast, as shown in Table 
III, Experiment 1, incorporation of L-methionine-methy]-C* into 
anserine, measured after 5 hours, was considerably better in the 
normal than in the deficient animals. In Experiment 2, this 
observation was confirmed after 5 and 16 hours, and extended 
to include animals in Stage I deficiency. In this experiment, a 
markedly decreased incorporation of C4 was observed even at 
an early stage of the deficiency. 

In examining these results, at least three factors are of im- 


mediate importance. First, the problem of the site of synthesis 


must be considered. Evidence supporting the muscle as a major 
synthetic site has already been mentioned. Second, changes in 
the pool size of the precursors and in the total concentration of 
the product being measured as a result of the vitamin E def- 
ciency must be evaluated. Third, it must be assumed that the 
precursors have been incorporated and mixed with the endoge- 
nous compounds in a homogeneous manner. Consideration of 


2 Unpublished experiments. 
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the pool size of the precursors presents difficulties, but some in- 
formation may be derived from measurement of the concentra- 
tions and specific activities of the precursors in muscle. With 
this information and a knowledge of the total concentration and 
specific activity of the product, an approximation of the magni- 
tude of synthesis of the peptides may be possible. Normal and 
deficient muscle (127 g) were obtained from rabbits given injec- 
tions of L-methionine-methy]-C" and killed after 5 hours and the 
concentration and specific activity of L-methionine and anser- 
ine were determined. Methionine was obtained in a mixture of 
neutral amino acids by taking the fraction eluted with 0.1 m 
pyridine from a Dowex 50-H* column (7) and rechromatograph- 
ing it on a Dowex 2-OH- column (33). Creatine was washed 
off with water and the neutral amino acids were obtained by 
elution with 0.1 N acetic acid. The eluate was concentrated 
and methionine was determined on an aliquot (21). The re- 
mainder of this fraction was reacted with hydriodic acid and the 
methyl group of methionine was obtained as tetramethylam- 
monium iodide (22). Anserine was isolated as described in the 
“Methods.” Normal muscle contained 1.13 mg of free methi- 
onine per 100 g of muscle with a specific activity of 24, 721 ¢c.p.m. 
per 100 wmoles. Deficient muscle had 5.6 mg of methionine 
with a specific activity of 7,760 c.p.m. per 100 umoles, or 31.4% 
of the activity of normal muscle methionine. Thus, in agree- 
ment with results of other workers (2), methionine was elevated 
in the deficient muscle. Anserine (280 umoles per g of noncol- 
lagenous nitrogen) with a specific activity of 516 c.p.m. per 100 
pmoles was isolated from normal muscle. Deficient muscle had 
175 umoles per g of noncollagenous nitrogen with a specific ac- 
tivity of 53.6 c.p.m. per 100 wmoles. An approximate value for 
the amount of anserine synthesized in the 5 hours after injection 
of t-methionine was obtained by dividing the specific activity 
of anserine by the-specific activity of muscle methionine. This 
factor was then multiplied by the concentration of muscle an- 
serine expressed in wmoles per g of noncollagenous nitrogen. 
From this calculation, deficient muscle synthesized only 20.5% as 
much anserine in a 5-hour period as did the normal muscle (5.84 
pmoles per g of noncollagenous nitrogen in normal; 1.2 uwmoles 
per g of noncollagenous nitrogen in deficient). This calculation 
assumes that there is a rapid mixing of free muscle methionine 
with injected methionine-methyl-C"* and that the specific activity 
of free methionine reflects that of activated methionine. 

Similar considerations apply to carnosine synthesis. Our re- 
sults indicated a similar or superior incorporation of pL-histidine- 
2-C into deficient muscle as compared to normal muscle. This 
situation may be a reflection of the fact that, in contrast to me- 
thionine, free muscle histidine is decreased in vitamin E defi- 
ciency (2), resulting in less dilution of precursor. In conjunc- 
tion with the observed decrease in carnosine, this might account 
for the increased specific activity of carnosine in the deficient 
muscle. However, it is difficult to assess the relative contribu- 
tion of these factors without more direct experimental evidence. 


DISCUSSION 


In recent years, several workers have described chromato- 
graphic methods which will separate carnosine and anserine, his- 
tidine and 1-methylhistidine (7, 17, 34, 35). In a few cases, 
3-methylhistidine was also separated (17, 35). The procedure 
described here offers certain advantages over the earlier peptide 
isolations in cases where there is no need to distinguish between 
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the B-alanine moieties of carnosine and anserine. Less time is 
needed for a separation since milligram quantities can be iso- 
lated on a small column with relatively small elution volumes 
and the procedure eliminates need for desalting the eluate since 


TaBLeE I 


Concentrations of peptides in rabbit skeletal 
muscle in vitamin E deficiency 


Exper- Stage of ‘ 
iment deficiency* Anserine Carnosine 
No. bits 
2382 mmole/g noncol- 
= | lagenous nitrogent i. lagenous nitrogent 
1 | Controlon| 3 0.892)0.309 0.012/0.47010. 166 -+ 0.0224 
chow 
diet 
Control 7 /|0.743/0.257 + 0.025/0.411/0.149 + 0.017 
Stage III 6 '0.250:0.093 + 0.018/0.129:10.050 + 0.004 
2 | Control 7 |0.804/0.270 + 0.015/0.277\0.097 + 0.010 
Stage I 3 |0.462'0.237 + 0.004/0.104/0.053 + 0.002 
Stage III 3 |0.365)0.182 + 0.005)0.084/0.042 + 0.002 


* Stage I, creatine to creatinine ratio = 1.6-2.6; Stage III, 
moderate to severe paralysis (26). 
t Calculations in Experiment 2 based on noncollagenous ni- 
trogen determinations on lipid extracted tissue. 
¢t Standard error of the mean. 


TABLE II 
Incorporation of pi-histidine-2-C'** into peptides 
tn control and vitamin E-deficient rabbits 


Ex- sé 
peri- No. of Control Deficient 
as Anserine | Carnosine | Anserine Carnosine 
hr c.p.m./100 pmoles c.p.m./100 pmoles 
1 6 II1\24 175 7654 147 7296 
(140-200) (6883-9050) | (108-188) | (6740-8160) 
2 8 I 5.5 45 4648 180 7037 
(30-60) | (2884-6960)) (90-280) | (4280-10830) 
2 III)|48 165 5520 142 6800 


* Specific activity of pt-histidine-2-C"* is 1.0 we per 10 umoles; 
administered 5 uc per kg of body weight. 
t Range of values. 


TaBLeE III 
Incorporation of L-methionine-methyl-C'** into anserine in control 
and vitamin E-deficient rabbits 


Experi- | No. of Stage of — of 
Ar c.p.m./100 pmoles c.p.m./100 wmoles 
III 5 746 (711-782) 406 (370-443 ) 
2 4 I 24 1113 (622-1604) 412(114~-709) 
4 III 5 701 (362-1040) 67 (17-116) 
2 Ill 16 478 32 


* Specific activity of L-methionine-methyl-C" is 4.0 ue per 10 
umoles; administered 4.0 uc per kg of body weight. 
t Range of values. 
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the eluate may be removed by evaporation. This is important 
when radioactivity measurements involve solid counting tech- 
niques. No 3-methylhistidine was found in rabbit urine by this 
procedure, but the compound has been obtained from cats, in 
agreement with Tallan (24) and in small amounts from rats (36). 

The data described in this paper and the work of others cited 
above permit preliminary description of a pattern of the metabo- 
lism of the peptides during development of a nutritional mus- 
cular dystrophy. Increased excretion of 1-methylhistidine, pre- 
sumably arising largely from hydrolysis of muscle anserine (12) 
becomes clearly apparent in our studies between the 16th and 
25th day, coincident with a slight elevation in the creatine to 
creatinine ratio and well before the appearance of other symp- 
toms of muscular dystrophy. A slight increase may occur at the 
7th day but its significance has not been determined. Fink et 
al. (13) reported excretion of 1-methylhistidine beginning after 
about one week on the same diet used in our studies (14) and 
before the appearance of creatinuria. Further, we have observed 
consistently a normal low methylhistidinuria, indicating certain 
quantitative differences between our findings and Fink et al. (13). 

There is no evidence either in the studies of Hanson and Smith 
(24) and Garkavi (28) or in this investigation to suggest that the 
peptides are enzymatically hydrolyzed in normal muscle or in 
dystrophic muscle, although increased proteolytic activity (29, 
37) and phosphorylytic activity (38) have been reported in dys- 
trophic muscle. The changes which occur in a vitamin E de- 
ficiency include alteration in permeability properties of the cell 
membranes (39). Further, dystrophic changes from other causes 
may effect cell permeability as indicated by the finding of Zierler 
that aldolase leaks from the muscle cells of mice with hereditary 
muscular dystrophy (40). Loss of vitamin E or other changes 
resulting in alteration of the essential structural composition of 
the muscle could reduce the effectiveness of an active carrier 
system (41) in the mediated transport and cellular concentration 
of the amino acid constituents, and as a consequence, the pep- 
tides may be lost from the muscle cell and subsequently hy- 
drolyzed in other tissues; e.g. the kidney. A methylhistidinuria 
would then occur as a result of the hydrolysis of anserine. Al- 
ternatively, the observations might be explained in terms of a 
release of these peptides from a bound form which is not normally 
permeable to the cell membrane. There is no evidence at this 
time to support this view. Failure to detect anserine or 1-meth- 
ylhistidine in the peripheral circulation in this investigation is 
not unexpected with the assay procedures used since 1-methy]- 
histidine has a low renal threshold (42) and would be removed 
rapidly from the circulation, presumably without further signifi- 
cant metabolic alteration (6). The incorporation of labeled 
methionine into anserine is significantly depressed between the 
25th and 30th day and the available evidence is consistent with 
a depressed anserine synthesis. Thus, the decreased anserine 
levels may be both a result of an increased leakage from muscle 
and a depressed synthesis of peptide by the muscle. <A similar 
pattern is probable for carnosine although our data only suggest 
this. 

The significance of these findings in the sequence of events 
leading to physical symptoms of muscular dystrophy requires 
elucidation of the metabolic role of the peptides in the normal 
functioning of muscle (43-49). 


SUMMARY 


A chromatographic procedure is described for the separation 
of B-alanine, histidine, 1-methylhistidine, and 3-methylhistidine. 
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The pattern of 1-methylhistidine excretion and the levels of 
carnosine and anserine in skeletal muscle have been examined 
during a developing vitamin E deficiency in rabbits. In agree. 
ment with other studies, 1-methylhistidine excretion increases 
markedly with increasing severity of the deficiency. Carnosine 
and anserine decrease to between 38 and 64% of the levels seen in 
normal animals. 

DL-Histidine-2-C" was incorporated only slightly into anserine 
and was well utilized for carnosine synthesis by both normal and 
vitamin E-deficient animals. .-Methionine-methyl-C™ was in- 
corporated into anserine of normal muscle 2- to 10-fold better 
than into deficient muscle. The available evidence is consistent 
with the view that vitamin E-induced muscular dystrophy re- 
sults in a decreased synthesis of anserine in the muscle and its 
hydrolysis to B-alanine and 1-methylhistidine subsequent to its 
increased loss from the muscle. 


Acknowledgment—The author wishes to express her thanks to 
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Investigations on the mechanism of protein synthesis can be 
classified according to (a) whether an isotopic amino acid is in- 
corporated into a specific protein or into an undefined mixture 
of proteins, and (6) whether or not a net increase in protein has 
occurred. It is obvious that for a thorough understanding of the 
process, the net synthesis of a specific protein must ultimately 
be studied and the intermediates identified. In the investiga- 
tions reported here the incorporation of t-valine-C™ into the 
pancreatic ribonuclease of the living mouse under conditions of 
rapid synthesis of this protein has been followed. The data have 
furnished information concerning the site of formation of ribo- 
nuclease in pancreatic cells and on the transfer of the newly 
formed protein within the cell. An estimation of the time re- 
quired for the synthesis of a completed, enzymatically active 
protein molecule is also included. 


EXPERIMENTAL 


Treatment of Animals—An equal number of adult male and 
female mice (inbred strain, CBA) were fasted for 3 hours. Each 
animal was then given an intraperitoneal injection of 0.1 ml of 
freshly prepared aqueous pilocarpine hydrochloride solution (10 
mg per ml). One hour later the mice were offered Rockland 
mouse pellets and water ad lintum. At specific intervals follow- 
ing pilocarpine injection each mouse was killed by snapping the 
spinal cord, and the pancreas was removed, weighed, and homog- 
enized in cold 0.25 m sucrose. 

In other groups exactly 18 hours after the pilocarpine had been 
injected, each mouse was given an intraperitoneal injection of 2 
ue of uniformly labeled L-valine-C™ (8.0 uc per umole, Nuclear 
Instrument and Chemical Corporation) in 0.1 ml of distilled 
water. The animals were then sacrificed at a specific interval. 

Cell Fractionation Procedure—Thirty mice were injected with 
pilocarpine hydrochloride and radioactive valine as described 
above. The mice were killed at a specific interval following val- 
ine-C™ injection, and the pancreatic tissue was pooled and ho- 
mogenized in 26 to 29 ml of cold 0.25 m sucrose. The homog- 
enate was fractionated by differential centrifugation at 1° by a 
modification of the procedure of Van Lancker and Holtzer (3). 


* This investigation was supported in part by research grants 
from the National Institutes of Health, United States Public 
Health Service, No A-803, and the United States Atomic Energy 
Commission, Contract No. AT (11-1)-305. A preliminary report 
of this work was presented at the meeting of the American Society 
of Biological Chemists, Atlantic City, New Jersey, April 13 to 
17, 1959 (1). A portion of the data of this paper is taken from a 
thesis (2) submitted to the Department of Biological Chemistry, 
University of Utah College of Medicine, by Allan J. Morris in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy. 

__ tf Predoctoral Fellow of the United States Public Health Serv- 
ice. 


A nuclei fraction was separated by centrifuging the homogenate 
for 10 minutes at 600 X g. The pellets were washed three times 
by resuspension in 5 to 7 ml of sucrose solution. The combined 
washings and cytoplasmic fraction were centrifuged for 16 min- 
utes at 11,125 X g to yield a combined zymogen granule and 
mitochondria pellet which was washed twice by resuspension in 
3 to 5 ml of sucrose solution. Previous work has indicated that 
the mitochondrial portion of mouse pancreatic cells contains only 
minimal amounts of ribonuclease (4). A microsomal fraction 
was prepared by centrifuging the washes and supernatant from 
the zymogen granule fraction for 30 minutes at 105,000 x g. 
The microsomal pellet was washed twice by resuspension in 9 ml 
of sucrose. The resulting supernatant solution and washes are 
referred to as Supernatant;. In one instance the Supernatant; 
from a study of mouse pancreas 15 minutes after isotope injection 
was further fractionated to yield two postmicrosomal fractions 
and a high speed supernatant (Supernatant:1). These fractions 
were obtained by two centrifugations of the Supernatant, frac- 
tion for 60 and 240 minutes, respectively, at 105,000 x g. 

Extraction and Chromatography of Ribonuclease—A modifica- 
tion of the extraction procedure of Hirs et al. (5) was developed 
in order to prepare the ribonuclease of homogenates and cell 
fractions for chromatography. The homogenate or cell fraction 
was mixed with cold, dilute H.SO, to a final concentration of 
0.25 n. After standing for a few minutes at 0° the mixture was 
centrifuged at 600 X g for 10 minutes, and the supernatant was 
decanted. The solution was then adjusted to pH 5.7 with dilute 
sodium hydroxide and allowed to stand for 10 minutes. After 
centrifugation, the clear supernatant was decanted and used 
in the chromatographic procedures. For certain of the cell 
fractions, especially nuclei and supernatant solution, further 
purification was necessary. The pH 5.7 supernatant was passed 
through a 1.2 x 10 cm column containing XE-64 resin at pH 
6.47. The extract was allowed to seep into the resin bed and 
was eluted with 60 ml of 0.2 m phosphate buffer at pH 6.47. A 
large portion of the impurities remained in the resin during this 
procedure while ribonuclease was eluted. The eluate was then 
dialyzed for approximately 7 hours against 20 liters of 0.001 m 
ethylenediaminetetraacetic acid, pH 7.0, in a constant flow rock- 
ing dialyzer. The dialyzed extract was lyophilized and the res- 
idue was then dissolved in a small volume of water and chroma- 
tographed on a 0.9 X 30 cm column of XE-64 resin at pH 6.47 
(5). 

Analysis of Pancreatic Components and Column Eluates—Ribo- 
nuclease activity of homogenates and column eluates was deter- 
mined by the procedure of Dickman et al. at pH 5.0 (6). A unit 
of activity is defined as the difference between the experimental 
absorbancy and the inactive enzyme control (A260), multiplied by 
the dilution factor. Amylase activity was determined by the 
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Hokin modification of the Smith and Roe assay (7). Trichloro- 
acetic acid precipitable protein was estimated by micro-Kjeldahl 
(8) analysis following extraction of the nucleic acids according 
to the procedure of Schneider (9), or total protein was determined 
by the procedure of Nayyar and Glick (10). The RNA concen- 
tration of the extract was determined by the orcinol method (8) 
and DNA by the cysteine-sulfuric acid method (11). 

Column eluates were counted for C™ by plating 0.5 ml of the 
solution on a tared aluminum planchet. The solution was then 
dried under an infrared lamp. Radioactivity of the dried sam- 
ples was determined with an automatic windowless gas flow 
counter. All values are corrected for self-absorption and back- 
ground radiation. Each sample was counted for at least 2560 
total counts. 

The specific activity! of the eluted ribonuclease is defined as 
the ratio of radioactivity to enzymatic activity: 


Counts per min (0.5-ml eluate) 
Axo (0.1-ml eluate) X 100 


RESULTS 


Effects of Pilocarpine Injection on Pancreatic Components— 
Harper and Mackay (12) have shown that the exocrine secretion 
of the pancreas is controlled by two types of factors: hormonal 
and nervous. Parasympathomimetic agents such as pilocarpine 
and carbamylcholine have been used extensively to deplete the 
acinar tissue of zymogen granules and secretory enzymes both 
in vivo and in vitro (12-21). Whereas injection of pilocarpine 
into mice or rats results in maximal depletion of the zymogen 
granules and secretory enzymes of the exocrine pancreas in 1 to 
3 hours (13, 16, 18), considerable variations in the rate of restora- 
tion of these components have been reported (19, 20, 22, 23). 

The data of Fig: 1 show that the response of the pancreas fol- 
lowing pilocarpine injection can be divided into four phases: 
(a) the initial drop in concentration of components due to extru- 
sion of the zymogen granules (0 to 1 hour); () a period of relative 
constancy during which continued secretion is approximately bal- 
anced by synthesis (1 to 15 hours); (c) the recovery period in 
which synthesis exceeds secretion (15 to 21 hours); and (d) rever- 
sion toward steady state concentrations (21 to 24 hours). Dur- 
ing Phase 1 amylase activity decreased by 55%, ribonuclease 
activity by 33% and total protein by approximately 10%. It is 
known from previous work that the zymogen granules contain a 
larger proportion of the total amylase than of ribonuclease (3, 
4). Thus, the larger decrease of amylase activity on pilocarpine 
stimulation is not unexpected. The relatively small loss in total 
protein, measured by two different methods, indicates that the 
zymogen granules comprise only a small proportion of the total 
pancreatic cell protein. It is interesting to note that the three 
constituents which were measured in this experiment return to 
the original values at different rates. Amylase activity recov- 
ered in about 10 hours, protein concentration in 7 or 18 hours, 
depending on the method of measurement, whereas ribonuclease 
activity required 21 hours. 

The large overshoot in amylase activity at 21 hours is striking. 
Whether this phenomenon involves a physiological conversion 
of “bound” to “active” amylase in the microsome fraction, sim- 


1 This definition of specific activity utilizes enzyme activity in- 
stead of mass in the denominator of the equation. This modifica- 
tion is justified by the previous demonstration that enzyme ac- 
tivity is directly proportional to the weight of ribonuclease (6). 
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ilar to that observed by Douglas and Munro (24) after various 
treatments of pigeon pancreas microsomes, cannot be decided 
from these data. These figures also suggest that an accelerated 
rate of protein synthesis commences immediately after injection 
and continues for 21 hours. 

The concentrations of deoxyribonucleic acid and ribonucleic 
acid remained relatively constant throughout the experimental 
period (Table I). The constancy of DNA indicates that varia- 
tions in the water content or of solids in the pancreas were not 
responsible for the changes in enzyme activities shown in Fig. 1. 
The constancy of RNA composition provides further evidence for 
the view that net protein synthesis can occur independently of 
net RNA synthesis in the pancreas (20, 25). These data confirm 
other workers who have performed similar measurements on 
mouse pancreas after pilocarpine stimulation (16, 17, 20). 

Studies were undertaken to determine whether a labeled amino 
acid could be introduced into pancreatic ribonuclease during con- 
ditions of net synthesis. Eighteen hours after pilocarpine treat- 
ment, nine mice were each given an intraperitoneal injection of 
2 uc of uniformly labeled t-valine-C'’%. Two hours later the mice 
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PER CENT OF ORIGINAL VALUE 


2345 67 8 9 10 12 13 14 15 16 17 16 192021 22 2324 
HOURS AFTER PILOCARPINE INJECTION 

Fig. 1. Effect of pilocarpine injection on ribonuclease and 
amylase activities and protein content of mouse pancreas. For 
purposes of comparison each determination is plotted as a per- 
centage of its original value. Protein-TCA refers to the quantity 
of protein precipitated by trichloroacetic acid as determined by 
micro-Kjeldahl analysis. Protein-C refers to protein analysis of 
the entire homogenate by the colorimetric method of Nayyar and 
Glick (10). 


TABLE I 


Ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) content 
of mouse pancreas following pilocarpine injection 


%o wet weight To wet weight 
0 10 2.19 + 0.05* 0.230 + 0.009* 
1 10 2.28 + 0.08 0.236 + 0.012 
4 4 2.06 + 0.04 0.275 + 0.010 
7 10 2.15 + 0.01 0.257 + 0.004 
12 10 2.00 + 0.08 0.247 + 0.008 
15 24 2.16 + 0.09 0.249 + 0.016 
18 25 2.02 + 0.10 0.252 + 0.019 
21 25 2.03 + 0.10 0.250 + 0.001 
24 10 1.98 + 0.05 0.246 + 0.023 


* Mean + standard deviation. 
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sizes”’ of the different intracellular fractions were varying during fo 

the course of the experiment. Consequently the ribonuclease ac- 

12,000 tivity of each fraction at 5, 10, 15, 30, and 120 minutes after val- - 

\ 9.000 _ ine-C"* injection was determined and these results are presented of 

6,000 in Table II. The data indicate that the ribonuclease concentra- 60 

1.9 Pe eee tion of each fraction and of the total homogenate remained rela- on 

RNase activity 340 tively constant throughout the experimental period. of 
Cig 1320 The total radioactivity of each homogenate and cell fraction TI 
- 1.5 Radioactivity +300 ¢ was also determined. ‘Thus the rate of appearance of radioac- ae 
o 14 4280 tivity in the pancreatic tissue could be plotted. As shown in 
Fig. 3 iabl tity of radioactivit hed th 
Jes ‘Fig. 3 an appreciable quantity of radioactivity reached the pan- TI 
ny oo29% creas during the first 5-minute interval. Maximal radioactivity nu 
= 1.0 & * +2002 of the homogenate was observed 10 minutes after injection and dif 
2 j ) '!80 the C™ content remained fairly constant during the next 20 min- mt 
< .8 utes. Two hours after injection, total radioactivity in the pan- 
creas fell to less than one-half of the maximal value. pot 
ws ' 41002 - It is interesting to note that approximately 10% of the total for 
3. , ‘ 4 80° injected dose of radioactivity was found in the pancreas after 10 mit 
Se ‘ + 60 minutes. The pancreatic tissue of a mouse weighs approxi- ee 
2 i mately 125 mg and the total body weight of an adult mouse is I 
0 i 1 be ance 0 20 to 25 g. It can thus be calculated that the pancreatic tissue the 

30 has concentrated the radioactivity 20-fold. Farber and Sidran- trif 

ML OF ELUATE sky (18) have observed that uptake of L-valine-C" in vivo by rat inje 

_ Fig. 2. Chromatographic elution patterns of ribonuclease ac- pancreas is doubled by pilocarpine treatment. spe 
tivity Most of the radioactivity incorporated into the pancreas dur- Ill 
and treated according to Hirs et al. (5) ing the first 10 the microsomal portion of tar 
chromatography over the cation exchange resin IRC-50 (XE-64). the cell. Fifteen minutes after injection, however, as well as in not 
Aliquots from individual tubes were analyzed for ribonuclease the later periods, the supernatant fraction contained a greater ar 
activity and radioactivity. proportion of the radioactivity than any other cell fraction. The pot 

nuclei and zymogen granule fractions increased slowly in total 
TaBLeE II radioactivity during the first 30 minutes. 

Ribonuclease activity of pancreas cell fractions The amount of L-valine-C™ which was pr esent in the ribonu- T 

Mice were injected with pilocarpine and L-valine-C' as de-  Clease of each cell fraction after different intervals was deter- plas 
scribed in the text. At the times indicated, pancreas glands were mined after chromatography on XE-64 resin. Acid-treated thes 
removed, homogenized, and fractionated. Total ribonuclease ac- extracts of mouse pancreas exhibit two peaks of ribonuclease ‘wit 
tivity of each fraction was determined and is listed as Azs9 units activity which have been designated as Peak II and Peak III in Peal 
per g wet weight of original tissue. their order of elution from the column (4). Since Peak II has | ,.;. 
ge ear been shown to be nonhomogeneous (4), it has been ignored in . 

this work. Specific activity of Peak III has been calculated as 

Smin | 10min | 15min | 30min | 120min the ratio of valine-C" (c.p.m.) per unit of ribonuclease activity. bein 

A standard deviation has been calculated for each specific activ- | 4144 

wmits/g | umils/g  units/g | units/g | umits/g by individual analysis of each eluate tube containing sufficient 

Nuelei.............. 35 28 31 30 28 enzymatic activity to give an Ago value of 0.1 or higher (26). a 
Zymogen granules...; 19 S i ad a“ The most striking feature of the data included in Fig. 4 is the ers 
Microsomes......... 104 75 74 75 104 . Or 
101 129 108 rapid labeling of the microsomal] ribonuclease. The tadioactiv- 
(Oe ee 252 217 262 242 998 ity found in this fraction was already appreciable 5 minutes after we 
injection of the label. At that time the ribonuclease of the other tie 

Whole homogenate*.| 272 26 229 287 278 cell fractions contained considerably less C'*. The specific ac- porti 
tivity of microsomal ribonuclease attained a maximum at 15 f 4 | 

* Not treated with HSO,. minutes and decreased thereafter. These data have led to the hinet 
conclusion that the microsomal portion of the acinar cell is the "a 

were killed, the pancreatic tissue was removed and homogenized, _ site of synthesis of pancreatic ribonuclease in the living mouse. work 
and the ribonuclease was extracted according to Hirs et al. (5). It can be seen that the ribonuclease of the Supernatant; frac- | 4, 
The extract was chromatographed on XE-64 resin and the eluate tion showed the second most rapid rate of labeled amino acid inal 
fractions were analyzed for both ribonuclease activity and radio- incorporation. Fifteen minutes after injection, the specific ac- § to, , 
activity. As shown in Fig. 2 most of the C was eluted rapidly. _ tivity of the ribonuclease in that fraction is significantly greater ship I 
In the ribonuclease Peak III area (4, 25), however, the C“ elution than the ribonuclease of either the nuclei or zymogen granule ho 
pattern is essentially superimposable on that of ribonuclease fractions. However, after 30 minutes the specific activity of Golgi 
activity. From these data the specific activity of ribonuclease ribonuclease in the zymogen granule fraction was elevated suf- leomne 
Peak III can be calculated. ficiently toexceed that of the enzyme of the Supernatant; fraction zymoy 
For the correct interpretation of specific activity data, how- by a significant margin. lar ob 
ever, it was necessary to determine whether ribonuclease “pool Three possible interpretations present themselves to account F pa, 4, 
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for the distribution of radioactivity in the ribonuclease of the 
supernatant and zymogen granule fractions. (a) The occur- 
rence of a precursor-product relationship between the enzymes 
of the two fractions. Thus, the ribonuclease of the supernatant 
solution may be an intermediate form in the transport of the 
enzyme from the site of synthesis in the microsomes to the site 
of storage in the zymogen granules. (b) A mixed situation. 
The intracellular distribution of pancreatic ribonclease has been 
shown to be more diffuse than that of well recognized secretory 
enzymes in the mouse (3, 4), guinea pig (27), and the cow (28). 
The possibility that a significant proportion of the labeled ribo- 
nuclease remains in the supernatant solution, with presumably a 
different function from that which enters the zymogen granules 
must therefore be considered. (c) Contamination by small par- 
ticles. If a clean separation of the soluble and microsomal 
portions of the homogenate was not attained by the centrifugal 
forces which were applied, there might be a sufficient number of 
microsomal particles remaining in the soluble fraction to account 
for the observed data. 

In order to test the third possibility a further fractionation of 
the soluble portion of the cell was carried out. Prolonged cen- 
trifugation of a Supernatant, solution (15 minutes after isotope 
injection) yielded two “‘postmicrosomal” fractions and a high 
speed supernatant fraction (Supernatant:1). The data of Table 
III indicate that the Supernatant; fraction was not grossly con- 
taminated with highly labeled microsomal ribonuclease, and do 
not support the third possibility. Further work will be neces- 
sary, however, to determine the validity of the first two hy- 
potheses. 


DISCUSSION 


The present data strongly implicate the microsomal (endo- 
plasmic reticulum) portion of the acinar cells as the site of syn- 
thesis of mouse pancreatic ribonuclease. This conclusion is 
based on the rate of incorporation of valine-C" into ribonuclease 
Peak III of the various cell fractions under conditions of net pro- 
tein synthesis. Other workers have shown that these particles, 
derived from pigeon and guinea pig pancreas, rapidly incorpo- 
rate C'4-amino acids into trichloroacetic acid-precipitable pro- 
teins (29, 30). Siekevitz and Palade (31) have recently stated 
that incorporation of leucine-C" into chymotrypsinogen of guinea 
pig pancreas was greatest in the microsome Fraction 3 minutes 
after injection. 

On the other hand, the steps between synthesis of the enzyme 
and its occurrence in the zymogen granules are yet unclear. Ri- 
bonuclease which is synthesized in the microsomal portion of the 
acinar cells of mouse pancreas may be transferred to the soluble 
portion of the cell before reaching the zymogen granules. Laird 
and Barton (19) have reached a similar conclusion based on a 
kinetic study of the pilocarpine-induced depletion of amylase 
from the various portions of the mouse pancreas cell. These 
workers have proposed that the soluble enzyme is condensed into 
the zymogen granules. Sjostrand and Hanzon (32) examined 
the ultrastructure of the exocrine cells of mouse pancreas by elec- 
tron microscopy and have commented on the intimate relation- 
ship between the Golgi apparatus and the zymogen granules of 
the acinar cells. Further, they have described granules in the 
Golgi zone which appear to represent a whole series of stages of 
formation from the most minute granules to the well defined 
zymogen granules. Challice and Lacy (33) have reported simi- 
lar observations in the Golgi zone of the acinar cells. Recently 
Palade (34) has proposed that the zymogen granules are formed 
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Fic. 3. Incorporation of valine-C'* into mouse pancreas homog- 
enate and cell fractions. 


SPECIFIC ACTIVITY OF RIBONUCLEASE 


MINUTES AFTER C'* VALINE INJECTION 

Fic. 4. Time course of intracellular ribonuclease labeling. 
Each intracellular fraction was chromatographed and the specific 
activity of its ribonuclease determined at intervals after valine- 
C'* injection into mice. The curves are drawn through the mean 
valves of the specific activities of individual tubes comprising 
ribonuclease Peak III of each fraction. Perpendicular bars repre- 
sent the standard deviation. 


TABLE III 
Labeled ribonuclease in subfractions of Supernatant; 


Supernatant; was centrifuged twice, 60 minutes and 240 min- 
utes, at 105,000 K g to yield Postmicrosomal; and Postmicro- 
somal;; pellets, respectively. Both pellets and Supernatant; 
were chromatographed directly on XE-64 resin and ribonuclease 
activity and C'* content determined on the eluates. 


| Ribonuclease 


Cell fraction | Sieediees specific activity*® | activity of 
| fraction 
| units 
Supernatant;............. | 2.53 + O0.24f | 202 
Postmicrosomal;......... 2.32 + 0.28 99 
Postmicrosomal;;...._.. 1.25 + 0.23 | 24 
Supernatanti............ | 2.37 + 0.24 | 37 


* Defined in ‘‘Experimental’’ section of the text. 
t This result was obtained from a different sample. 
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PER CENT OF MAXIMUM LABELING 


10 | | 


5 10 
MINUTES AFTER C'* VALINE INJECTION 
Fic. 5. Estimation of time of synthesis of ribonuclease. 
O——O, C"™ content of microsomal fraction; A----- A, C* con- 
tent of homogenate; @——@, specific activity of microsomal ribo- 
nuclease. Each measurement is plotted as a percentage of the 
maximal value as a function of time after valine-C" injection. 


within the endoplasmic reticulum (microsomal fraction). In 
such a case no soluble intermediate fraction would be expected. 

An estimation of the time required for a protein molecule to 
be assembled from precursors can be made from the data in- 
cluded in Figs. 3 and 4. Since a considerable amount of labeled 
ribonuclease is present in the microsomal fraction 5 minutes 
after intraperitoneal injection of the labeled amino acid, the time 
required for the formation of labeled enzyme is necessarily less 
than 5 minutes. The time periods required for the homogenate, 
the microsomal fraction, and the microsomal ribonuclease to be- 
come maximally labeled (Fig. 5) indicate that the radioactivity 
is present in the microsomal fraction for approximately 3 min- 
utes before it appears in the ribonuclease molecule. This inter- 
pretation of the data assumes that the specific activity of the 
ribonuclease is directly proportional to the radioactive specific 
activity of its precursors in the microsomes at these time peri- 
ods. It is reasonable to conclude that the time difference be- 
tween these curves represents the interval required for the 
labeled amino acid to be assembled into the intricate structure 
of the finished, enzymatically active protein. A similar interval 
has been reported by Peters (35) in the synthesis of serum albu- 
min by liver microsomes. 


SUMMARY 


The rate of L-valine-C" incorporation into mouse pancreas 
ribonuclease has been studied in vivo under conditions of net pro- 
tein synthesis. Ribonuclease of the microsomes became labeled 
most rapidly, followed by the supernatant fraction, zymogen 


Biosynthesis of Ribonuclease 
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granules, and nuclei. It is concluded that pancreatic ribonu- 
clease is synthesized in the microsomes. 

From the rates of incorporation of valine-C™ into microsomes 
and into microsomal ribonuclease, it can be calculated that ap- 
proximately 3 minutes are required for synthesis of the enzyme, 
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Peptides and Bacterial Growth 


VIII. THE NATURE OF STREPOGENIN* 


Hayato KIHARA AND Esmonp E. SNELL 


From the Department of Biochemistry, University of California, Berkeley, California 


(Received for publication, November 25, 1959) 


A substantial literature has accumulated concerning the nature 
of “strepogenin,”’ a factor present in partial hydrolysates of 
proteins that stimulates early growth of Lactobacillus casei in 
defined media (3-13). The factor has the properties of a pep- 
tide, and Woolley et al. have described many synthetic and iso- 
lated peptides that have partial strepogenin activity (5, 14-19). 
Various workers also have reported that pyridoxal (20), p-amino- 
benzoic acid (20), glutamine (7, 11, 13, 14, 20, 21), glutathione 
(14, 22), serine (23, 24), ascorbic acid (23), asparagine (11, 13, 
20, 23, 25), and unidentified nonpeptidic substances (26, 27) 
stimulate growth of L. casei from small inocula under conditions 
similar to those used originally for strepogenin assay. Although 
some of these supplements are highly active on the weight basis, 
none of them promotes growth to the same extent as small 
amounts of enzymatic digests of protein. 

Our interest in this problem stemmed from a series of observa- 
tions on peptide requirements of both L. casei (28, 29) and re- 
lated lactic acid bacteria (2, 30-32). A common cause leading 
to such requirements proved to be an imbalance among the 
amino acids of the medium such that an excess of one amino 
acid inhibited the utilization for growth of a structurally related 
amino acid but not that of its peptides. The latter thus ap- 
peared far more active as growth factors than the free amino 
acid (29, 32). Several other conditions under which peptides 
surpass their component amino acids in activity also were de- 
scribed (2, 30, 31). In the cases examined the peptides appar- 
ently served only to supply a limiting amino acid, the free form 
of which was not utilized efficiently for growth, rather than to 
supply a unique sequence of amino acids. 

From these results, it seemed possible that the apparent re- 
quirement of L. caset for complex peptides might result from a 
multiple imbalance in the culture medium, resulting in limited 
availability of more than a single free amino acid. A simple 
peptide that contained the single most limiting amino acid would 
then stimulate growth, but only to the point where availability 
of a second amino acid became limiting. Such a peptide would 
not fully replace partial protein digests, since the latter would 
contain peptides of each of the limiting amino acids. Only in 
the unlikely circumstance that a single peptide containing each 
of the limiting amino acids in highly available form was isolated 
could one expect to find a single substance as effective in pro- 


* Supported in part by a grant (E-1575) from the United States 
Public Health Service. Presented in part at the Forty-third 
meeting of the Federation of American Societies for Experimental 
Biology, Atlantic City, April, 1959 (1). For Paper VII of this 
series, see Kihara and Snell (2). 


moting growth as partial protein digests, and such a peptide 
would account for only a small fraction of the total activity of 
the digests. 

In most of the instances previously examined, whatever the 
underlying cause for the peptide requirement, the identity of the 
limiting amino acid could be determined by adding large amounts 
of individual amino acids to the medium and noting those that 
produced an increase in growth.1. Appropriate peptides of these 
latter amino acids- were then found to permit growth at lower, 
physiological, concentrations (31, 32). In applying this pro- 
cedure where more than a single substance limits growth, it is 
important to realize that until the most critical of the deficien- 
cies is corrected, additions that remedy less basic deficiencies 
may not appear to be of value. With these considerations in 
mind we have applied this general technique to identification of 
nutritional factors limiting growth of L. casei under conditions 
similar to those used for assay of strepogenin, and have succeeded 
in devising a nutritional supplement superior to tryptic casein 
digests in supporting early growth of this organism from small 
inocula. 


EXPERIMENTAL 


Assay Procedure—The basal medium (Table I) was essentially 
that described by Landy and Dicken (33) as modified by Sprince 
and Woolley (3) for strepogenin assays, but with the vitamin 
supplement replaced by that of Rabinowitz et al. (34). 

Stock cultures of L. casei 7469 were maintained as stab cul- 
tures in yeast extract-glucose-agar and were transferred weekly. 
Inocula were grown for 18 hours at 37° in the basal medium sup- 
plemented with ascorbic acid (250 ug per ml), then held in the 
refrigerator for 2 to 6 hours. Immediately before use, the cells 
were centrifuged, washed twice with sterile water, and diluted to 
a final concentration equivalent to 0.25 ug (dry weight) per ml. 
Solutions of appropriate supplements, adjusted to pH 7.0, and 
2.5 ml of the double-strength basal medium were diluted to 4.7 
ml in 18 X 150 mm Pyrex test tubes. These were covered with 
aluminum caps, autoclaved for 6 minutes at 120°, and cooled in 
tap water upon removal from the autoclave. When cysteine, 
glutamine, or both, were to be incorporated in all assay tubes, an 
appropriate solution of these labile supplements was freshly 
prepared and sterilized by filtration; peptides of cysteine, cystine, 
or glutamine also were sterilized by filtration. Two parts of the 
desired sterile supplement or water, as required, were mixed with 


1 This procedure fails in those instances where the added amino 
acid itself becomes toxic. 
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Amount per Amount 
100 ml of 100 ml of 
Component a double- Component double 
strength strength 
medium ium 
mg 
Acid-hydrolyzed casein 1.0 L-Asparagine 50 
Glucose 2.0 L-Cystine 20 
Sodium acetate-3H20 1.2 L-Tryptophan 20 
Vitamin supplement ug Adenine 1.0 
Riboflavin 80 Guanine- HCl 1.0 
Nicotinic acid 80 Uracil 1.0 
Calcium pantothenate 80 Xanthine 1.0 
Thiamine- HCl 40 KH2PO, 100 
p-Aminobenzoic acid 40 Ke2HPO, 100 
Folic acid 2 MgSQ,-7H2O 40 
Pyridoxal- HCl 2 NaCl 2 
Biotin 0.4 FeSO,-7H2O 2 
2.9 
pH 7.0 
TABLE II 


Composition of complete supplement to basal medium 
which permits rapid growth of Lactobacillus caset 


Compound Amount added 
ug per ml of final medium 


* These compounds were sterilized by filtration and added 
aseptically to the previously autoclaved medium (see text). 


one part of the inoculum suspension described above, and 0.3 ml 
of the mixture was added aseptically to each assay tube. The 
final concentration of the inoculum cells was thus 0.005 wg per 
ml of assay medium (approximately 3000 cells by direct micro- 
scopic count). When variable amounts of filtered supplements 
(cysteine, glutamine, and their peptides) were to be dispensed, 
the volume of the diluted medium and other supplements to be 
autoclaved was decreased appropriately and the sterile supple- 
ments dispensed individually before inoculation. Growth was 
determined with a photoelectric colorimeter (Bausch and Lomb, 
Spectronic 20) at 650 my, and cell yield was estimated from a 
calibration curve relating the weight of dry cells to absorbancy 
of the culture. 


RESULTS 


A large number of compounds, including each of the amino 
acids and many other substances important for growth of one 
or another organism, was tested at several different concentra- 
tions for their effect on the growth of L. caset. Any compound 
which stimulated growth, however slightly, was considered a 
possible rate-limiting factor, and was incorporated into the basal 
medium. Each of the remaining compounds was then retested. 
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Under these modified conditions, additional compounds stimu- 
lated growth and were added to the basal medium. This pro- 
cedure was repeated until no more stimulatory compounds could 
be detected. At this point, individual compounds of the mixed 
supplement were omitted to determine whether their stimulatory 
effects were retained in the presence of the other components of 
the supplement. Any substance that no longer enhanced growth 
was deleted and the remaining compounds screened again in the 
same manner. A simplified supplement was thus evolved, in the 
presence of which a new cycle of testing of additional compounds 
was performed in the same general manner. As a result of an 
extended series of such experiments, the supplement listed in 
Table II was formulated. Although this combination of com- 
pounds is not the only one found to enhance growth of L. casei, 
it afforded the greatest stimulation and was also the simplest in 
composition of any effective mixture found. The response of L. 
casei to the individual components of the supplement varies from 
moderate stimulation, through no effect, to an actual inhibition 
of growth (Fig. 1). However, the effect of the complete supple- 
ment is substantial and greatly surpasses that of the tryptic 
digest of casein which was included to illustrate the effect of 
strepogenin (Fig. 2). When the components of the supplement 
were omitted singly, growth in each case was slower than that 
in the completely supplemented medium (Fig. 3). The speci- 
ficity of the growth effects of the individual components of the 
supplement may now be considered. 

L-Cysteine and t-Ascorbic Acid—The effect of high concentra- 
tions of cysteine (Curve 2, Figs. 1 and 3) in enhancing growth is 
striking. Both cysteine and ascorbic acid are effective reducing 
agents, and it was anticipated that they might show a mutual 
sparing effect. Instead, each compound augmented the effect of 
the other. Ascorbic acid could be replaced by isoascorbic acid, 
which had equivalent activity, and less effectively with thiomalic 
and thioglycolic acids, which had greatly reduced activity. 
None of the reducing agents tested replaced cysteine. However, 
several cysteine- or cystine-containing peptides were very much 
more active than equimolar amounts of the free amino acid (Fig. 
4). Since cysteine increases the cell yield (Fig. 3, Curves 2 and 
10) as well as the growth rate, the medium must be deficient in 
this amino acid, despite the fact that it contains 50 ug per ml of 
added cystine and the fact that much smaller amounts of cys- 
teine peptides permit maximal growth. It may be concluded 
that the ascorbic acid acts nonspecifically as a particularly effec- 
tive reducing agent in promoting growth of these essentially 
anaerobic bacteria, but that cysteine serves inefficiently a nutri- 
tional function which is served much more effectively by appro- 
priate peptides of cysteine or cystine. Free cystine should 
presumably show activity similar to that of cysteine. Because 
of its low solubility, the required concentrations of cystine could 
not be achieved experimentally. 

t-Glutamine—Like cysteine, glutamine was one of the most 
effective components of the supplement (Figs. 1 and 3). Suff- 
ciently high concentrations of free glutamic acid exert a similar 
effect (Fig. 5), and suitable peptides of glutamic acid, such as 
L-leucyl-L-alany1-L-valyl-L-glutamic acid, are slightly more active 
than glutamine (Fig. 5). Several other peptides containing a 
free glutamic acid residue, e.g. L-arginyl-L-glutamic acid, L-valyl- 
L-glutamic acid, glycyl-t-glutamic acid, and 
leucine were tested at concentrations between 0.01 and 1.0 wmoles 
per ml and proved only slightly superior to glutamic acid itself. 
A peptide containing the glutaminyl residue, the disulfide of 
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prolyl -L-leucy] -L-gly- 
cinamide (GACPLG) was even more effective than glutamine, 
and also satisfied the cysteine requirement in a glutamine-sup- 
plemented medium with great efficiency. These results were 
achieved at concentrations between 0.1 and 10 mumoles per ml 
of final medium. This single peptide effectively replaces both 
glutamine and cysteine in a medium from which both supple- 
ments are omitted (Fig. 5). A fragment of this peptide, the 
disulfide of L-glutaminyl]-L-asparaginyl-L-cysteine (GAC) also 
replaced glutamine and cysteine, but its activity was consider- 
ably less than that exhibited by GACPLG. However, at con- 
centrations greater than 10 mymoles per ml GAC was quite toxic 
and some of its beneficial effects at lower concentrations may be 
masked by its toxic effect. GACPLG also exhibited toxic effects 
at concentrations of 10 mumoles per ml or higher. 

The requirement for glutamine or an appropriate glutamic 
acid peptide for rapid growth made it of interest to determine 
whether asparagine also was required. The omission experi- 
ments of Figs. 2 and 3 show that L-asparagine and L-glutamine 
are required for rapid growth under these conditions. Aspara- 
gine could not be replaced by glycyl-L-asparagine. At concen- 
trations between 0.01 and 1.0 umole per ml, glycyl-L-asparagine 
showed only a fraction (0.1 to 0.3) of the activity of equimolar 
amounts of L-asparagine. 

L-Serine, Uracil, and Guanylic Acid—The effect of serine is 
also pronounced (Curve 5, Figs. 1 and 3), and its peptides showed 
enhanced activity over the free amino acid (Fig. 6). The effects 
of uracil and guanylic acid (Figs. 1 and 3), although minor, are 
reproducible. Although the basal medium contains uracil, the 
amount appears suboptimal since additional amounts were found 
to stimulate growth slightly. Guanylic acid is not replaceable 
by guanine which is a constituent of the basal medium. Growth 
is not further enhanced by inclusion of the mixture of nucleo- 
tides obtained by degrading yeast nucleic acid by the method of 
Loring et al. (35). are 

Spermine—We reported previously (36) that this polyamine, 
although slightly inhibitory in the basal medium, stimulated 
growth of L. casei when the medium was supplemented with a 
purified tryptic digest of casein as a source of strepogenin. In- 
hibition is again observed in the unsupplemented medium (Curve 
8, Fig. 1), but with the mixture of known compounds replacing 
the undefined strepogenin preparation, spermine stimulates 
growth significantly and reproducibly. As previously found in 
the cruder medium (36), spermidine is equally as effective as 
spermine, whereas putrescine is without activity. 


DISCUSSION 


These experiments demonstrate that several independent fac- 
tors limit growth of L. casez in the medium used for strepogenin 
assay. The oxidation-reduction potential of the medium appears 
poorly suited for the growth of this organism from small inocula. 
This factor has been of variable importance in previously reported 
studies, since it has been customary to autoclave glucose with 
the medium, and the amount of reducing materials produced in 
this way is highly dependent upon the initial pH of the medium 
and the length of autoclaving (37). Ascorbic and isoascorbic 
acids were by far the most effective reducing agents for correct- 
ing this deficiency. Small amounts of uracil, guanylic acid, and 
spermine or spermidine further enhance the response to tryptic 
digests of purified casein (36), or to the defined supplement de- 
scribed here. In addition, the basal medium supplies insufficient 
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Fic. 1. Comparative growth rates of L. casei in the basal me- 
dium with single components of the supplement added. Curve 1, 
no additions; 2, cysteine; 3, ascorbic acid; 4, glutamine; 5, serine; 
6, uracil; 7, guanylic acid; 8, spermine; at concentrations indicated 
in Table II. Numbering of the curves corresponds to that in 
Fig. 3, where the corresponding compounds have been omitted 
singly from the fully supplemented medium. Cell yields were 
determined hourly. To facilitate inspection of the curves, the 
observed cell yields have been omitted. 
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Fic. 2. Comparative growth rate of L. casei in the unsupple- 
mented and supplemented medium with additions and omissions. 
Curve 1, unsupplemented basal medium; Curve 9, basal medium 
plus tryptic digest of casein (2 mg per ml); Curve 10, basal medium 
plus supplement of Table II; Curve 11, same as 10, but asparagine 
omitted. Cell yields were determined at 2-hour intervals. 


cysteine, serine, and glutamic acid to permit maximal rates of 
growth. Most of the cystine present in the basal medium is 
unquestionably destroyed through interaction with glucose dur- 
ing autoclaving (37, 38).2, However, the large amounts of free 
cysteine, added aseptically after autoclaving, that are required 
for maximal growth rates demonstrate the existence of some 
impediment to utilization of the free amino acid by this organism. 

2 In a single trial, autoclaving with the medium under the con- 


ditions used here destroyed 95% of the activity of cysteine and 
65% of the activity of glutathione. 
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Fic. 3. Comparative growth rates of L. casei in the supple- -0O 


mented medium with various omissions and additions. Curve 1, 
basal medium; Curve 10, supplemented medium; Curves 2 to 8, 
same as 10 minus: 2, cysteine; 3, ascorbic acid; 4, glutamine; 6, 
serine; 6, uracil; 7, guanylic acid; 8, spermine; Curve 12, same as 
10 plus tryptic digest of casein (2 mg per ml); Curve 18, same as 
10 plus Tween 40-sodium oleate (5.0 and 0.5 yg per ml, respec- 
tively). The abscissa in part B is expanded 3-fold over that in 
part A. Cell yields were determined at 2-hour intervals. 
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Fic. 4. Comparative growth response of L. casei to cysteine or 
to cyst(e)ine peptides in the supplemented medium with cysteine 
omitted. Incubated for 18 hours. The response to the disulfide 
of y-glutamylcysteine (not shown in figure) nearly coincides with 
that tocysteinylglycine. All peptides used in this and subsequent 
figures contained only L-amino acid residues. 


As in previously examined instances where such impediments 
exist, appropriate peptides of this amino acid such as cysteiny]- 
glycine or glutathione are far more effective than cysteine itself 
in promoting growth. Similar comments apply to glutamic acid, 
which permits maximal growth rates only at unexpectedly high 
concentrations, but is effective at much lower concentrations 
when supplied as glutamine, an appropriate peptide of glutamine, 
or an appropriate peptide of glutamic acid. Like the response 
to cysteine, that to supplemental serine is pronounced and serine 
peptides are much more active than the free amino acid. Under 
the conditions of the assay used here we find that L-threonine 
antagonizes utilization of free serine (a finding consistent with 


LOG MILLIMICROMOLES GLUTAMINE AND 
CYSTEINE EQUIVALENTS PER ML. 


Fic. 5. Comparative growth response of L. casei to cyst(e)ine 
or glutamine or their peptides. The supplemented medium with 
cysteine and glutamine omitted was used. Incubated for 20 hours. 
GAC = the disulfide of glutaminylasparaginylcysteine, GACPLG 
= the disulfide of glutaminylasparaginylcysteinylprolylleucyl- 
glycinamide. 
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Fic. 6. Comparative growth response of L. casez to L-serine or 
its peptides in the supplemented medium with serine omitted. 
Curve 1, serine; 2, glycylserine; 3, serylserine; 4, serylglycine; 5, 
serylalanine. Incubated for 18 hours. 


previous observations of Meinke and Holland (39)) but not of 
serine peptides.* 

One or two of the three amino acids found here to limit growth 
rates of L. casei in the strepogenin assay medium have been 
present in each of the peptides previously reported to have 
strepogenin activity (5, 14-19). Several peptides with low ac- 
tivity contained glutamic acid and serine (5, 14, 17, 18); oxytocin, 
one of the most active of the synthetic peptides tested (16), con- 
tains both glutamine and cystine residues. Because of the low 


3 Unpublished results. 
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concentrations of such peptides required, and because some pep- 
tides that contain both glutamic acid and serine possess little or 
no strepogenin activity, Woolley et al. (5, 40) infer that the active 
peptides supply a useful, preformed sequence of amino acid resi- 
dues that play some special role in metabolism other than that 
of a readily available source of amino acids. We believe there 
is no evidence for such a special role, but that the activity of 
these peptides results from their more efficient utilization as 
sources of the limiting amino acids than the free amino acids 
themselves. According to this view, the sequence of amino 


acid residues in the active peptides need bear no necessary rela- 


tionship to that in which they appear in the organism. Since 
it grows eventually in the unsupplemented medium, the test 
organism obviously can supply all of its needs for the limiting 
amino acids from this medium, but at an insufficient rate to per- 
mit maximal growth rates. The low concentration of active 
peptides required to permit increased growth rates may thus 
indicate that these need supply only a small portion of the total 
requirement of the cell for the limiting amino acids. In several 
other instances where peptides surpass their component amino 
acids in activity, we have shown that the peptides can nonethe- 
less be hydrolyzed by the cells and have viewed such hydrolysis 
as being prerequisite to utilization of the amino acids for syn- 
thesis of the varied amino acid sequences that undoubtedly occur 
in the many different proteins of the cell (29-31). We have 
further demonstrated that absorption of amino acids and pep- 
tides in L. caset is an active process, carried out by specific and 
independent systems (41). To promote growth under conditions 
of strepogenin assay, a peptide not only must contain the limit- 
ing amino acids, but must be absorbed and hydrolyzed at rates 
greater than those at which the organism assimilates the free 
amino acids from the medium. It is not surprising that many 
peptides that contain the limiting amino acid residues do not 
fulfill the specificity requirements for such rapid absorption and 
hydrolysis, even though they may serve as sources of these amino 
acids for the same organism growing at a slower rate. Since the 
growth-promoting activity of partial protein hydrolysates resides 
in many different peptides, many of which will contain no more 
than one of the growth-limiting amino acids, it becomes clear 
why it has not been possible to isolate any single peptide that 
accounts fully for the activity of such digests. J. casei is quite 
susceptible to amino acid imbalances (cf. (10)) and the identity 
of the limiting amino acids and hence of the growth-promoting 
peptides may vary remarkably with the history of the culture 
used (8, 25), the composition of the basal medium, and other 
assay conditions. For example, on omission of vitamin Be and 
addition of p-alanine to the basal medium used here, L-alanine 


becomes the most limiting amino acid and is utilized efficiently | 


only when supplied in the form of its peptides (29). Because of 
these relationships, the supplement described here may not suffice 
to permit rapid growth of all strains of L. caset, of this same strain 
under a different set of conditions, or of other organisms reported 
to require “‘strepogenin.”” ‘The same would be true of any given 


peptide found to possess strepogenin activity under these con- 
ditions. 

Finally, in the supplemented medium evolved here, addition 
of a partial protein hydrolysate further decreases slightly the 
time required to achieve maximal growth (Curve 12, Fig. 3). 
Hydrolysates of ‘vitamin-free’’ casein have recently been shown 
to contain fatty acids that stimulate growth of Sarcina sp. (42, 


H. Kthara and E. E. Snell 


1413 


43). A mixture of Tween 40 and sodium oleate not only further 
stimulates the growth of L. casei in the supplemented medium, 
but is more effective than the tryptic digest of casein (Curve 13, 
Fig. 3). Further addition of small amounts of a tryptic casein 
digest did not further stimulate growth. 


SUMMARY 


Rapid growth of Lactobacillus casei from small inocula occurs 
in a medium similar to that used for strepogenin assay when this 
is fortified by a supplement containing suitable levels of L-ascor- 
bic acid, guanylic acid, uracil, spermine, oleic acid, Tween 40, 
L-serine, L-glutamine (or L-glutamic acid) and L-cysteine. The 
rate of growth in the presence of this supplement surpassed that 
permitted by a tryptic digest of casein, used as a source of “‘stre- 
pogenin.”” Cysteine, serine, and glutamine could be replaced 
individually by appropriate peptides of these amino acids, and 
the latter were more effective than equimolar amounts of the 
free amino acids in promoting growth. Stimulation of growth 
of L. caset by peptides conforms to the pattern observed pre- 
viously in other bacteria. The requirement for complex pep- 
tides (“‘strepogenin’’) is apparent only and results from the fact 
that a single peptide must supply several, rather than only one, 
of the limiting amino acids in a form that can be absorbed and 
utilized by the cell more rapidly than the free amino acids of the 
medium. Not all complex peptides that contain residues of the 
limiting amino acids meet these specificity requirements. Those 
that do can be replaced by appropriate mixtures of simple pep- 
tides. There is thus no evidence that peptides having “strepo- 
genin’’ activity play any special role in metabolism of this or- 
ganism other than as a readily available source of limiting amino 
acids. 
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Ala. Val.Glu); W. G. McCullough (Glu. Leu); D. H. Strumeyer 
and K. Bloch (y-Glu.CySH); D. Hendlin of Merck Sharp and 
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Several conditions are known that reduce the availability of 
an essential amino acid for bacterial growth. These include 
presence of an antagonistic amino acid (2-4), occurrence of side 
reactions that destroy the amino acid before it can be used for 
protein synthesis (5, 6), or lack of necessary systems for efficient 
absorption of the amino acid (7). Under each of these condi- 
tions, appropriate peptides that contain the essential amino acid 
residue surpass the free amino acid in growth-promoting activity 
(2-7). In an accompanying paper (1) we showed that cysteine, 
glutamic acid, and serine limit the rate of growth of Lactobacillus 
casei in the strepogenin assay medium, and that appropriate 
peptides of these amino acids are utilized far more efficiently than 
the free amino acids. The strepogenin activity of complex pep- 
tides for this organism was attributed to the fact that such pep- 
tides supply more than one of these limiting amino acids in highly 
available form, rather than to any inherent vitamin-like action. 
A mixture of simpler peptides, each supplying one of the limiting 
amino acids, was equally effective. To further assess the credi- 
bility of this explanation, we have produced an analogous model 
condition in Leuconostoc mesenteroides by simultaneous addition 
of two different amino acid antagonists, thus restricting avail- 
ability of two amino acids, A and B. In accord with expecta- 
tions, the resultant inhibition can be alleviated by large amounts 
of the two limiting amino acids, A and B; by small amounts of 
a mixture of two peptides, CA and DB, each containing one of 
the amino acids; or by equally small amounts of a single peptide, 
AB, that contains both amino acids. 


EXPERIMENTAL 


Assay Procedure—L. mesenteroides P-60 (ATCC 8042) was 
carried as a stab culture on yeast extract-glucose-agar and trans- 
ferred weekly. Inoculum cultures were incubated for 18 hours 
at 37° in a previously described medium (8) modified by reducing 
the glucose to one-half the recommended concentration. Cells 
were centrifuged out, washed once with sterile 0.9% NaCl solu- 
tion and diluted with water to a concentration equivalent to 
8.33 ug (dry weight) per ml. Assay tubes contained 2.5 ml of 
the double-strength basal medium and 2.2 ml of supplements 
and water. They were autoclaved for 6 minutes at 120°, cooled, 
and each was inoculated with 0.3 ml of the diluted cell suspen- 
sion. Thus the final concentration of inoculum cells was 0.5 
ug per ml. The basal medium used was that of Henderson and 


* Supported in part by a grant (E-1575) from the United States 
Public Health Service. For Paper VIII of this series, see Kihara 
and Snell (1). 


Snell (8) modified to be applicable to the present studies. After 
incubation at 37°, growth was estimated photometrically at 650 
my with a Bausch and Lomb, Spectronic 20 colorimeter, and cell 
yield was estimated from a calibration curve relating the weight 
of the dry cells to the absorbancy of the culture. 


RESULTS 


Inhibition by Alanine and Leucine and Reversal by Glycyl-t- 
isoleucine—In the presence of appropriate concentrations of 
serine and threonine, high concentrations of alanine inhibit 
growth of L. mesenteroides by interfering with the utilization of 
glycine. Glycylglycine is more effective than glycine in prevent- 
ing such inhibition (9). Several other peptides of glycine, e.g. 
glycyl-t-alanine and glycyl-L-isoleucine are also more effective 
than glycine in promoting growth under these conditions (Fig. 
1). Other amino acids or their peptides, such as L-isoleucine 
and L-isoleucy]-L-histidine, are without effect. 

Growth of L. mesenteroides is also inhibited by high concentra- 
tions of leucine, and this can be prevented by increased amounts 
of isoleucine (10). Although not as strikingly as with the glycine 
peptides of Fig. 1, the peptides L-isoleucyl-L-histidine and glycyl- 
L-isoleucine were superior to free isoleucine in preventing the 
inhibition caused by t-leucine; glycine and glycyl-L-alanine were 
without effect (Fig. 2). When alanine and leucine were both 
present as inhibitors, glycyl-L-isoleucine alone prevented the 
double inhibition at concentrations significantly lower than that 
required for an equimolar mixture of glycine and L-isoleucine 
(Fig. 3). A combination of glycyl-L-alanine and L-isoleucyl-L- 
histidine was nearly as effective as glycyl-L-isoleucine. Single 
supplements of glycyl-L-alanine, L-isoleucyl-L-histidine, glycine, 
or L-isoleucine (the latter two are not shown in the figure) were 
ineffective. Although it contains each of the limiting amino 
acids, L-isoleucylglycine at concentrations up to 0.1 umole per 
ml was less effective than the mixture of L-isoleucine and glycine 
in countering the inhibition due to increased concentrations of 
alanine and leucine. 

Glycyl-L-tsoleucine and t-Isoleucylglycine as Sources of Glycine 
and Isoleucine in Absence of Inhibitors—The marked difference 
in the ability of L-isoleucylglycine and glycyl-L-isoleucine to 
counter the inhibition by leucine and alanine made it of interest 
to compare their utility as sources of their component amino 


1 The concentrations of the following components were reduced 
to the levels indicated: pL-serine, pLt-threonine, 100 ug; L-leucine, 
25 wg; DL-alanine, pL-valine, 20 ug; glycine, L-phenylalanine, L- 
isoleucine, 5 ug; and glucose, 10 mg per ml of final medium. 
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Fig. 1. The comparative growth response of L. mesenteroides to 
glycine or glycine peptides in the presence of excess L-alanine. 
Curve 1, glycine; 2, glycyl-L-isoleucine; 3, glycyl-L-alanine; 4, L- 
isoleucine; 5, L-isoleucyl-t-histidine. Incubated for 24 hours. 
10 wzmoles per ml of L-alanine were added to the basal medium. 
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Fia. 2. The comparative growth response of L. mesenteroides to 
isoleucine or isoleucine peptides in the presence of excess L-leucine. 
Curve 1, L-isoleucine; 2, glycyl-L-isoleucine; 3, L-isoleucy]l-.-his- 
tidine; 4, glycine; 5, glycyl-L-alanine. Incubated for 24 hours. 
10 zmoles per ml of L-leucine were added to the basal medium. 


acids in the absence of added inhibitors. For this purpose gly- 
cine and isoleucine were omitted from the basal medium. Under 
these conditions, the growth response to glycyl-L-isoleucine and 
an equimolar amount of glycine and L-isoleucine was essentially 
the same and far greater than that to L-isoleucylglycine (Fig. 4)? 
Thus in the absence of the impediments to their utilization pro- 
vided by high concentrations of alanine and leucine, the mixture 


2 Resting cells of L. mesenteroides (1 mg dry weight) were in- 
cubated with either glycyl-L-isoleucine (2 wmoles) or L-isoleucyl- 
glycine (2 umoles) in 0.2 ml of 0.1 m phosphate buffer, pH 7.5, for 
18 hours at 37°, then centrifuged. In accordance with previous 
studies (2, 5) that show hydrolysis of active peptides to correlate 
with their growth-promoting activity, chromatograms of the 
supernatant solutions showed that hydrolysis of glycyl-t-isoleu- 
cine to its component amino acids was essentially complete. In 
contrast, L-isoleucylglycine was hydrolyzed only to a small ex- 
tent. 


LOG MILLIMICROMOLES PER ML. 


Fic. 3. The comparative growth response of L. mesenteroides to 
glycine plus isoleucine or their peptides in the presence of excess 
L-alanine and L-leucine. Curve 1, glycine + L-isoleucine; 2, glycyl- 
L-isoleucine; 8, glycyl-t-alanine + L-isoleucyl-u-histidine; 4, 
glycyl-L-alanine; 5, L-isoleucyl-L-histidine. Incubated for 24 hours. 
10 zmoles per ml of L-alanine and of L-leucine were added to the 
basal medium. 
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Fic. 4. The comparative growth response of L. mesenteroides to 
varying concentrations of glycine plus isoleucine, of glycyliso- 
leucine, or of isoleucylglycine added to basal medium devoid of 
both glycine and isoleucine. Curve 1, glycine + L-isoleucine; 2, 
glycyl-L-isoleucine; 3, L-isoleucylglycine. Incubated for 16 hours. 


of glycine and L-isoleucine is utilized no less efficiently than 
glycyl-L-isoleucine. In contrast to glycyl-L-isoleucine, L-iso- 
leucylglycine was considerably less active than the mixture of 
the two amino acids under these conditions. It is not surprising, 
therefore, that it was ineffective in preventing the inhibition of 
growth due to high levels of alanine and leucine. 

Inhibition by Alanine and Thienylalanine and Reversal by 
Glycyl-t-phenylalanine—As in many other microorganisms (3), 
the utilization of phenylalanine by L. mesenteroides is inhibited 
by 6-2-thienylalanine, and many peptides of phenylalanine are 
much more effective than free phenylalanine in preventing this 
inhibition. With both t-alanine and t-thienylalanine present 


as inhibitors of glycine and phenylalanine utilization, respec- 
tively, it was again found that prevention of the double inhibi- 
tion required either relatively large amounts of the two limiting 
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Fic. 5. The comparative growth response of L. mesenteroides to 
glycine plus phenylalanine or their peptides in the presence of 
excess L-alanine, and L-thienylalanine. Curve 1, glycine + L- 
phenylalanine; 2, glycyl-L-phenylalanine; 3, glycyl-t-alanine + 
L-prolyl-L-phenylalanine; 4, L-prolyl-L-phenylalanine; 5, glycyl-.- 
alanine. Incubated for 24 hours. 10 wmoles per ml of L-alanine 
and 5 wmoles per ml of 8-2-thienyl-L-alanine were added to the 
basal medium. 


amino acids, or small amounts of a mixture of dipeptides, each 
of which supplied one of these amino acids, or small amounts of 
a single dipeptide that supplied both of the two limiting amino 
acids (Fig. 5). Glycyl-L-phenylalanine was highly effective in 
preventing the double inhibition, L-phenylalanylglycine was less 
effective. In the absence of inhibitory concentrations of alanine 
and thienylalanine, glycyl-t-phenylalanine and an equimolar 
mixture of glycine and L-phenylalanine were about equally active 
as a source of these two essential amino acids; t-phenylalanyl- 
glycine, however, was less active. 


DISCUSSION 


The findings reported here are in accord with, and provide 
additional evidence for, our postulate (1) that the “‘strepogenin”’ 
requirement of Lactobacillus casei results from the fact that avail- 
ability of several different amino acids limits growth in the strep- 
ogenin assay medium, and that peptides with strepogenin 
activity function by supplying these in readily available form. 
As shown herein, a closely analogous deficiency can be created 
in other organisms at will by suitably altering cultural conditions, 
eg. through addition of amino acid antagonists, to reduce the 
availability of several individual free amino acids. Under these 
conditions, the limiting amino acids are relatively ineffective in 
countering the inhibition and could be made completely so by 
addition of sufficient amounts of appropriate antagonists. As 
in the simpler instances examined where the availability of only 
a single amino acid limits growth, peptides bypass this multiple 
inhibition and hence are more active than the free amino acid; 
however, each of the limiting amino acids must be supplied in 
this way, either as a mixture of peptides or in an appropriate 
single peptide, before growth can occur. It is not sufficient that 
a peptide contain the limiting amino acids for it to restore growth; 
it must also be absorbed by the cells and be hydrolyzed? or other- 
wise metabolized in a manner that permits redistribution of the 
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limiting amino acids into other peptide sequences. In general, 
both uptake systems (11) and peptidases (12) show structural 
specificities, and it therefore seems probable that the restrictions 
on the number of active structures would increase as the number 
of amino acids that a single peptide must supply increased, 1.e. 
the apparent specificity of the peptide requirement would in- 
crease with the number of limiting amino acids it was required 
to supply. 

It is occasionally maintained that the superiority of peptides 
over the limiting free amino acid in promoting growth in the 
presence of an amino acid antagonist results from the possibility 
of transfer of the limiting amino acid residue from the peptide 
into a generally useful activated form of this amino acid without 
loss of the energy of the peptide bond. Although such transfer 
of a single amino acid residue (either A or B) from AB by trans- 
peptidation reactions may occur, it is quite obviously a thermo- 
dynamic impossibility for both amino acids, A and B, to be 
activated in this manner. The fact that a single dipeptide AB 
is as efficient as the mixture of peptides, AC and BD, in supply- 
ing the limiting amino acids A and B thus argues against this 
explanation for the activity of peptides. Unfortunately, the 
argument is indicative only, since the extent of utilization of the 
peptides is not known. 


SUMMARY 


High concentrations of L-alanine, L-leucine and 6-2-thieny]-t- 
alanine inhibit growth of Leuconostoc mesenteroides P-60 by re- 
stricting utilization, respectively, of the essential amino acids 
glycine, L-isoleucine, and L-phenylalanine. 

In the presence of any one of these inhibitors, growth is restored 
by addition of large amounts of the proper limiting amino acid, 
or by comparatively small amounts of utilizable peptides of that 
amino acid. When two of the inhibitors, e.g. alanine and leu- 
cine, are added, growth is restored by large amounts of glycine 
plus isoleucine, by small amounts of a mixture of dipeptides 
supplying these two amino acids, or with equal efficiency by a 
single dipeptide, glycyl-L-isoleucine, that supplies both amino 
acids; L-isoleucylglycine, in contrast, was comparatively ineffec- 
tive, and also failed to serve efficiently as a source of its compo- 
nent amino acids for this test organism in the absence of added 
inhibitors. Similar results were obtained when alanine and 
thienylalanine were added as inhibitors; growth was restored 
with high amounts of glycine plus phenylalanine, with small 
amounts of a mixture of dipeptides each of which supplied one 
of the limiting amino acids, or with equally small amounts of 
glycyl-t-phenylalanine. The results show that an apparent re- 
quirement for peptides of relatively specific structure can result 
where impediments exist simultaneously to utilization of several 
different amino acids. 


Acknowledgments—We are indebted to the following individ- 
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Since it has been shown that the recombined mitochondrial, 
microsomal, and supernatant fractions of rat liver are able to 
incorporate radioactive alanine into trichloroacetic acid-insol- 
uble protein (1), many investigators have worked on the purifica- 
tion and characterization of the amino acid incorporation system 
of liver cells. The results of their efforts have been reviewed 
most recently by Loftfield (2), Chantrenne (3), and Simkin 
(4). Zamecnik and Keller (5) showed that the microsomes by 
themselves were sufficient for incorporation if a soluble nondia- 
lyzable fraction, adenosine triphosphate, and an adenosine tri- 
phosphate-generating system were present. Littlefield et al. (6) 
focused attention on the attached ribonucleoprotein particles of 
the microsomes by demonstrating that after an injection in vivo 
of radioactive amino acid the deoxycholate-insoluble particles 
became labeled more rapidly than either the whole microsomes 
or the soluble cell protein. This finding pointed to the ribo- 
nucleoprotein particles as the most likely primary site of amino 
acid incorporation. 

The experiments reported here were carried out to determine 
if ribonucleoprotein particles detached from the microsomal mem- 
branes still retain their ability to incorporate radioactive amino 
acids in vitro. 


EXPERIMENTAL 


Materials—pu-Leucine-1-C™ with a specific activity of 5.6 me 
per mmole was obtained from Isotope Specialities Company. 
Uniformly labeled L-valine with a specific activity of 8.0 me per 
mmole and uniformly labeled L-glutamic acid of specific activity 
9.0 me per mmole were purchased from Volk Radiochemical 
Company. The other radioactive amino acids were kindly sup- 
plied by Dr. George Acs of The Rockefeller Institute. The non- 
radioactive amino acids were supplied by Mann Research Labora- 
tories, Inc. Crystalline pyruvic kinase was obtained from C. F. 
Boehringer and Sons, Mannheim, Germany, and from Sigma 
Chemical Company. ATP and GTP were also purchased from 
Sigma. The pH of the nucleotide solutions was adjusted to 
approximately 7.6 with KOH. P-enolpyruvate, obtained as the 
silver-barium salt from Boehringer, was converted to the potas- 
sum salt at pH 7, lyophilized, and stored in the deep freeze. 
Fresh P-enolpyruvate was weighed out before each experiment 
as it was observed to lose most of its activity if kept frozen in 
solution for more than a few days. Deoxycholic acid was ob- 
tained from Wilson Laboratories and converted to the potassium 
salt at pH 7.8 before use. All other chemicals were of reagent 
grade. 

Preparation of Particles and pH & Enzymes—In all experiments, 


5- to 8-months-old albino guinea pigs, weighing from 450 to 650 g, 
were used. The livers were quickly excised, under ether anes- 
thesia, and chilled immediately in ice cold Medium A (7) con- 
taining 0.35 m sucrose, 0.004 m MgCl, 0.025 m KCl, and 0.05 m 
Tris buffer, pH 7.6. A total of 56 g was collected. All further 
operations were carried out at 4°. The livers were homogenized 
for 30 seconds, 8 g at a time, in 19 ml of Medium A in a Potter- 
Elvehjem homogenizer (8) fitted with a Teflon pestle. The | 
nuclei and mitochondria were sedimented by centrifuging the 
homogenate for 10 minutes at 15,000 x g in a Spinco model L 
preparative ultracentrifuge. The pellet was discarded and the 
supernatant fluid centrifuged at 105,000 x g for 1 hour to sedi- 
ment the microsomes. The microsomal supernatant was de- 
canted off and saved for the preparation of the pH 5 enzymes. 
The microsomal pellets were combined and suspended in 56 ml 
of Medium A, i.e. 1 ml per g wet weight of original tissue. The 
microsomal suspension thus obtained contained about 15 mg of 
protein per ml. 

To prepare the detached RNP-particles,! the microsomal sus- 
pension was diluted 5 times to 280 ml with Medium B (9) which 
contains 0.90 m sucrose, 0.004 m MgCl, and 0.025 m KCl. To 
the diluted suspension, 18.7 ml of 0.1 m MgCl. were then added, 
followed by 26.5 ml of a 3% deoxycholate solution which was 
added 5 m] at a time with shaking after each addition. The final 
MgCl: and deoxycholate concentrations in this suspension were 
0.009 m and 0.25 g per 100 ml, respectively. The 325 ml of 
particulate suspension were immediately centrifuged at 105,- 
000 X g for 10 minutes in three Spinco preparative ultracentri- 
fuges. The precipitate was discarded and the supernatant fluid 
centrifuged for 1 hour at 105,000 x g in order to obtain the final 
pellets of RNP-particles. The total yield at this stage was usu- 
ally about 30 mg of particulate protein from the original 56 g 
of liver. Each tube, and the surface of the pellet therein, was 
rinsed three times with Medium A to remove excess deoxycho- 
late, and finally all the pellets were resuspended and collected 
in 2.6 ml of Medium A. 

The pH 5 enzymes were prepared by diluting the microsomal] 
supernatant three times with Medium B and proceeding accord- 
ing to Keller and Zamecnik (9). The final protein concentration 
of this preparation was about 10 mg per ml. 

Electron Microscopy—The ribonucleoprotein particles were 
fixed for electron microscopy by overlaying the final 105,000 x g 
pellet with 5 to 10 ml of 1% OsO, in 0.88 m sucrose and allowing 
it to stand for 2 to 10 hours at 4°. The fixed pellets were cut 
into small strips of known orientation, dehydrated with graded 


1 RNP-particles represents ribonucleoprotein particles. 
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TaBLe I 
Requirements for tncorporation of pi-leucine-1-C'* into protein of 
ribonucleoprotein particle-pH 5 enzyme system 

The complete system contained 3 to 4 mg of detached particle 
protein, 1 mg of pH 5 enzymes, 0.1 umole of ATP, 0.25 umole of 
GTP, 0.1 umole of pt-leucine-1-C'* (5.6 me per mmole), 5.0 umoles 
of MgCle, 10 uymoles of P-enolpyruvate, and 0.14 mg of pyruvic 
kinase in a final volume of 1.0 ml. 

In Experiment II, 0.4 ml of microsomal supernatant containing 
about 10 mg of protein was substituted for the pH 5 enzymes, and 
the final volume was 1.2 ml. 

The incubation time was 20 minutes at 37°. 


¢p.m. per mg 


Experi- 
ment protein 
I complete system 81, 67, 66* 


complete system minus P-enolpyruvate 8 
complete system minus pyruvic kinase 7 
complete system minus GTP 4, 3* 
complete system minus ATP 3 
complete system 0 time incubation 1 


II complete system 
complete system minus supernatant 
complete system minus particles 


* Results are for multiple samples. 
+ The second figure is corrected for the reduced amount of pro- 
tein present. See text. 


alcohols and embedded in a mixture of methyl and n-butyl 
methacrylate (10). Silver sections of 600 to 900 A thickness (11) 
were cist on a Porter-Blum microtome, “stained” with lead hy- 
droxide (28), and examined in the RCA EMU-2b electron micro- 
scope. 

Incorporation Studies—The usual incubation mixture consisted 
of 0.3 ml of particulate suspension (containing 3 to 4 mg of pro- 
tein); 0.1 ml of pH 5 suspension (containing approximately 1.0 
mg of protein); 0.1 umole of pL-leucine (5.6 me per mmole); 5.0 
umoles of MgCl; 10 wmoles of P-enolpyruvate; 1.0 umole of 
ATP; 0.25 umole of GTP; and 0.14 mg of pyruvic kinase in a 
final volume of 1.0 ml. In certain experiments 0.4 ml of micro- 
somal supernatant containing approximately 10 mg of protein 
was substituted for the pH 5 suspension. 

After incubation the protein was precipitated in 5% trichloro- 
acetic acid (final concentration) and allowed to stand at 4° for 
at least 2 hours. The precipitated protein was prepared for 
counting essentially as in (1). The planchets were counted in a 
Nuclear-Chicago gas flow counter with a counting efficiency of 
about 10%. 

Analyses—RNA and phospholipid were extracted essentially 
by the Schneider method (cf. 10). RNA was determined by the 
orcinol method of Mejbaum (12), protein by nesslerization after 
Kjeldahl digestion, and phospholipid phosphorus by the Fiske- 
SubbaRow method (13) after acid hydrolysis of the combined 
alcohol and alcohol-ether extracts. 


RESULTS 


When examined systematically from top to bottom in the elec- 
tron microscope, the particulate pellet proved to consist almost 
entirely of small, dense particles. Plate 2 represents a typical 
field in the lower half of the pellet. The particles are identical, 
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both in size and density, with the 100 to 150 A RNP-particles 
prepared from rat liver microsomes (10). Plate 1 is a representa- 
tive area from the top half of the pellet. The main contaminant 
appears as large clumps of partly amorphous material, which 
probably represent aggregates of damaged particles. ‘This 
clumped material is generally present throughout the top half 
of the pellet and takes from 10 to 25% of the area occupied by 
the structures present. In the incorporation studies described 
below, there was no correlation between the amino acid uptake 
and the amount of contamination. 

There are no longer any recognizable microsomes in the prepa- 
ration. A few vestigial membranes occur almost exclusively in 
a thin band at the top of the pellet, are swollen and have no 
attached particles. 

The RNA to RNA + protein ratio of this fraction is about 0.43, 
varying between 0.41 and 0.46 in three different preparations. 
The microsomes by comparison have an RNA to RNA + pro- 
tein ratio of about 0.1. Approximately 25% of the microsomal 
RNA is recovered in the particles. This low recovery is due to 
the preliminary 10-minute centrifugation at 105,000 x g, to the 
solubilizing effect of deoxycholate on RNA (6, 14), and to the 
relatively short (60 minutes) duration of the final spin. The 
particles are practically free of alcohol-ether extractable phos- 
pholipid as they contain about 0.1% phospholipid phosphorus 
as compared to 2% for the whole microsomes (10). 

Table I shows the dependence of the incorporation of leucine 
upon the various components of the incubation mixture. The 
requirement for ATP, an ATP-generating system, and GTP is 
very clear as the omission of any one of these components results 
in a low incorporation. The GTP effect, in particular, is much 
more evident here than in the microsome system (9). The situa- 
tion might be explained by the washing out of adsorbed GTP 
during the 5-fold dilution of the microsomes and the solubilizing 
of microsomal membranes involved in the preparation of the 
particles. | 

Experiment IL in Table I shows that the particles are able to 
carry out a reduced but still significant incorporation (27 ¢.p.m. 
per mg protein) in the absence of supernatant. This figure was 
obtained by dividing the total number of counts (86 ¢.p.m.) by 
the amount of particle protein (3.5 mg) actually present in the 
system. To make this specific activity comparable to values 
given in the rest of this paper and in the literature (cf. 9), the 
total number of counts should be divided by the amount of 
particulate protein in the system plus the amount of supernatant 
protein used in the control (3.5 plus 10 mg, respectively). Un- 
der these conditions the much lower figure of 6 c.p.m. per mg of 
protein is obtained. 

Although deoxycholate produces a very clean preparation of 
RNP-particles, it has the disadvantage of being a very potent 
inhibitor of the incorporation system. In one experiment in 
which the whole microsome system was used (9), the addition 
of deoxycholate inhibited the incorporation by 50 and 80% at the 
respective final concentrations of 0.03 and 0.06%. Because of 
this finding, an attempt was made to produce more active. parti- 
cles by the use of smaller concentrations of deoxycholate in more 
dilute tissue suspensions. <A pellet prepared from a 10% (10g 
wet weight original tissue equivalent per 100 ml of medium) 
suspension of microsomes and containing 0.1% deoxycholate as 
opposed to the 20% microsome suspension and 0.25% deoxy- 
cholate usually used, was active in incorporation. Chemical 
analysis of this preparation gave an RNA to RNA + proteip 
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ratio of 0.40, but it was found to be grossly contaminated with 
swollen membranes when examined with the electron microscope. 
The high RNA content of such a contaminated preparation em- 
phasized the necessity of careful electron microscopic examina- 
tion in all further experiments. 

In addition to leucine, other amino acids are actively incorpo- 
rated into the proteins of the particle-pH 5 enzyme system as 
shown ia Table II. The relative labeling by the various amino 
acids reflects neither the relative amino acid composition of liver 
proteins as listed by Block and Bolling (15), nor that of guinea 
pig liver supernatant as determined by the technique of Spack- 
man et al. (16).2, Moreover, in different preparations, the rela- 
tive order of labeling does not remain constant. For example, 
in an experiment other than that listed in Table II, leucine was 
incorporated to the extent of 87 c.p.m., glutamic acid 87 c.p.m., 
and valine 39 ¢.p.m. per mg of protein. Each figure represents 
an average of two determinations and all three specific activities 
are recalculated to 5.6 mc per mmole, the specific activity of the 
leucine used. 

The RNP-particles, unlike the microsomes, are able to continue 
the incorporation of radioactive leucine for at least 60 minutes as 
shown in Fig. 1. Zamecnik and Keller (5) found that the incor- 
poration in rat liver microsomes ceases entirely after only 10 
minutes, and we have found that guinea pig liver microsomes 
abruptly cease to incorporate after 20 minutes (Fig. 1). It is not 
clear at present whether this difference between the incorporation 
by microsomes and by particles is due to the presence of inacti- 
vating enzymes in the whole microsomes or to other circum- 
stances. The gradual leveling off of the particulate incorporation 
curve is apparently not due to a lack of high energy compounds, 
as a “high energy supplement” consisting of 4.0 umole of P- 
enolpyruvate, 0.5 umole of ATP, and 0.25 mg of pyruvic kinase, 
added 30 minutes after the beginning of the incubation, failed to 
stimulate the incorporation. 

Amino acid N-terminal analyses of the radioactive proteins 
obtained after 30-minute and 90-minute incubations of the par- 
ticle-pH 5 enzyme system were carried out by the dinitrofluoro- 
benzene method (17), in order to determine whether or not the 
incorporation represented a nonspecific amino acyl condensation 
with the protein such as reported by Castelfranco el al. (18), and 
by Zioudrou et al. (19). These investigators found that most 
of the radioactivity could be recovered as dinitropheny] amino 
acids in experiments in which labeled synthetic amino acyl ade- 
nylates were used. In the particle-pH 5 enzyme incorporation 
system, both the 30- and 90-minute points showed less than 1% 
of the recoverable radioactivity as ether-extractable dinitro- 
phenyl compounds, indicating the leucine to be bound internally 
in the protein. 

Table III gives the effect of storage of the unsuspended par- 
ticulate pellets under various conditions. It is seen that the 
detached particles, unlike the microsomes (5), keep perfectly well 
in the deep freeze with no loss in activity for at least 4 weeks. 
Storage at higher temperatures results in an overnight loss in 
activity. Sachs (20) has previously obtained a stable incorpora- 
tion svstem by lyophilizing the entire mitochondrial supernatant. 
He found that the microsomes were stabilized by the supernatant. 
The particles apparently are quite stable without it when pre- 
pared by the method described. 


_* We wish to thank Dr. W. H. Stein for performing the quantita- 
tive amino acid analysis. 


J. F. Kirsch, P. Siekevitz, and G. FE. Palade 
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TaBLeE II 
Incorporation of five C' amino acids by ribonucleoprotein 
particle-pH 5 enzyme system 
The incubation mixture is the same as in Experiment I, Table I, 
except 10 umoles of MgCl. were added. The other amino acids 
were substituted for leucine where indicated, and the incubation 
time was 30 minutes. 


¢.p.m. per mg 
iprotein recal- 
activity as 
leucine 
pL-Leucine-1-C', 0.1 umole, 5.6 me/ 

pL-Alanine-1-C'*, 0.1 umole, 2.5mce/mmole.| 41, 36* 93, 82 
pL-Phenylalanine-1-C™, 0.1 umole, 5.2 

me/mmole................ 88, 84* 96, 92 
Uniformly labeled t-valine, 0.05 umole, 

48 34 
Uniformly labeled L-glutamic acid, 0.05 

umole, 9.0 mc/mmole.................. 24, 27* 15, 17 


* Duplicate samples. 


= 
= 100+ x 
: Microsomes 

x 

50r 

1 i 
.@) 25 50 75 100 


Incubation time (minutes) 


Fic. 1. Rate of incorporation. Incubation under the same 
conditions as in Experiment I, Table I, except 10 umoles of MgCl. 
were used. 


TABLE III 


Effect of storage upon incorporating activity of detached 
ribonucleoprotein particles 
The particles were prepared as usual (see ‘‘Experimental’’) and 
stored, under the conditions indicated, as the unsuspended pellets 
obtained from the final centrifugation. 


The incubations were carried out as in Experiment I, Table I. 


Particles used fresh as prepared................... 97, 97* 
Particles stored at 4° overnight....................| 6 
Particles stored at 0° overnight................... 10 
Particles stored at —20° overnight................ 98, 89* 
Particles stored at —20° 1 week................... 95 
Particles stored at —20° 4 weeks.................. 101, 102 


* Duplicate samples. 
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It has been reported (21, 27) that the incorporation of radio- 
active amino acids into pea seedling particles is stimulated by a 
supplement of nonradioactive amino acids. Bates and Simpson 
(23) have observed a similar effect in their studies on the syn- 
thesis of cytochrome c by calf heart mitochondria, as have 
Schweet et al. (27), in their work on hemoglobin biosynthesis by 
rabbit reticulocyte microsomes. To test this effect on the de- 
tached RNP-particles, three mixtures of 19 nonradioactive amino 
acids, excluding leucine, were prepared. Mixture I contained 
0.1 wmole of each of the 19 amino acids, Mixture II had 0.25 
umole of each, and Mixture III was composed of the 19 amino 
acids in the relative amounts in which they occur in total micro- 
somal supernatant protein based on the addition of 0.1 umole of 
pL-leucine. All three mixtures not only failed to stimulate the 
incorporation but actually inhibited it from 20 to 70%. The 
reason for this inhibition is not known. As the amount of leu- 
cine actually incorporated into the particle-pH 5 enzyme protein 
is only of the order of 0.001 umole per 5 mg of trichloroacetic 
acid-insoluble protein, it is quite possible that sufficient nonradio- 
active amino acids are present either in the pH 5 fraction or in the 
particles themselves to be incorporated along with the leucine. 


DISCUSSION 


From these experiments it can be seen that the microsomal 
membrane is not essentia] for amino acid incorporation in the 
liver system. A likely function of the membranous component 
of the microsomes is suggested by earlier work from this labora- 
tory (24). In a study of the secretory process in the pancreatic 
exocrine cell, it was shown that the precursors of the zymogen 
granules first appear in the cavities of the endoplasmic reticulum 
(intracisternal granules), although the zymogens themselves are 
probably synthesized by the attached RNP-particles. The mem- 
brane in this case seems to act as a site of segregation for that 
protein which is intended for later export from the cell. 

Free RNP-particles have been isolated from many sources (cf. 
25) and characterized to a varied extent. They have been shown 
to be capable of incorporation in vitro of radioactive amino acids 
when prepared from mouse ascites tumor (7), pea seedlings (22), 
and yeast (22). Korner has preliminarily reported incorporation 
in vitro by particles obtained by treating liver microsomes with 
0.5% deoxycholate (29). The pea seedling system in some re- 
spects has been particularly fruitful as both Raacke (21) and 
Webster (26) have reported synthesis of an amount of new pro- 
tein large enough to be measured gravimetrically. The synthesis 
of a specific protein has, however, not as yet been followed. 

For the investigation of the intimate mechanisms of protein 
synthesis, the detached RNP-particles obtained from liver micro- 
somes seem to offer some advantages over the pea seedling sys- 
tem by virtue of their relative cleanness. They are free of mem- 
branes, and the omission of either the pH 5 fraction, ATP, or 
GTP reduces the incorporation essentially to zero. These con- 
siderations should make the particles particularly useful in stud- 
ies on the transfer of amino acids from the soluble RNA to pro- 
tein. 

SUMMARY 


Ribonucleoprotein particles have been isolated from deoxy- 
cholate-treated guinea pig liver microsomes and have been shown 
to incorporate amino acids into protein in vitro. This incorpora- 
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tion is dependent upon the same cofactors that govern the incor- 
poration by rat liver microsomes. The omission of pH 5 ep. 
zymes, adenosine triphosphate, or guanosine triphosphate almost 
completely abolishes the uptake. 

Five different radioactive amino acids were studied and all of 
them were actively incorporated. 

Incorporation continues at a high rate for at least 60 minutes, 
with a gradual approach to a plateau. 

A dinitrofluorobenzene analysis of the end groups showed that 
less than 1% of the radioactive amino acids could be recovered 
as N-terminal groups. 

The particles can be stored as frozen pellets with no loss in 
activity for at least 4 weeks. 

The addition of 19 nonradioactive amino acids failed to stimu- 
late the incorporation of leucine. 
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Piate 1. A field selected from the top half of the pellet to show the 100 to 150 A ribonucleoprotein particles, the clumped material 


(ec) which forms the main contaminant, and the remnants of smooth-surfaced vesicles (v). 


Magnification: 96,000 . 
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PLate 2. A representative section from the lower half of the pellet, showing a homogeneous population of ribonucleoprotein par- 
ticles. Magnification: 96,000X. 
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a-Acetolactic acid was first suggested as an intermediate in 
the biosynthesis of valine in Torulopsis utilis by Strassman et al. 
(1). Additional experiments by Strassman et al. (2), and others 
by Adelberg (3) with Neurospora crassa, suggested that a-aceto- 
a-hydroxybutyrate was an intermediate in isoleucine biosyn- 
thesis. 

Later studies with Escherichia coli (4, 5) resulted in three ob- 
servations which provided strong evidence that acetolactate was 
indeed the earliest 5-carbon precursor of valine in this organism. 
One, an enzyme system forming acetolactate was present in 
extracts prepared from £. colt grown in a medium that required 
the organism to synthesize valine. Two, the end product, valine, 
exerted feedback control over the formation and action of this 
enzyme. Three, a valine auxotroph, blocked before a,@-dihy- 
droxyisovalerate, accumulated acetolactate in its culture fluid. 
The further conversion of acetolactate to a-ketoisovaleric acid 
by extracts of bakers’ yeast (6, 7) and to a,@-dihydroxyiso- 
valeric acid by extracts of E. coli (8) and \. crassa (9) supports 
its role as a valine precursor. 

The corresponding isoleucine precursor would be acetohy- 
droxybutyrate. Although the enzymatic formation of this com- 
pound has not been described, its conversion to isoleucine in 
growing cells and the demonstration of its reduction and rear- 
rangement to yield a ,6-dihydroxy-6-methylvalerate by enzymes 
in E. colt (10) and N. crassa (9) has been reported. More re- 
cently, Watanabe et al. (11) have shown its conversion to a-keto- 
B-methylvalerate by an extract prepared from yeast. 

The present paper describes in detail the results of the experi- 
ments with E. coli that provided evidence that acetolactate and 
acetohydroxybutyrate were converted to valine and isoleucine, 
respectively. In addition, the initial steps in the utilization of 
these acetohydroxy acids, their rearrangement and reduction to 
yield the dihydroxy precursors of isoleucine and valine, have been 
studied and some properties of the enzyme system responsible 


are described. 


EXPERIMENTAL 


Methods—The following strains of E. coli were used: wild type 
strains W and K-12; strain M48-62, a valine auxotroph (5), 
strain 4142-11, auxotrophic for both isoleucine and valine and 
blocked between the a-keto acids and a,6-dihydroxy acids (12); 
and strain M97-21, an isoleucine auxotroph blocked before a- 


_* This work was supported in part by Grant E-1580 from the 
National Institute of Allergy and Infectious Diseases and by funds 
received by Harvard University from the Eugene Higgins Trust. 
Some of the work was performed during the tenure of a Lederle 
Medical Faculty Award to one of the authors (H.E.U.). 


ketobutyrate (13). In addition, two strains of Aerobacter aero- 
genes, strain P-14,) and its derivative, strain P-1443, blocked 
before the dihydroxy acid precursors of both isoleucine and 
valine, were employed. 

The minimal medium employed and the procedures for grow- 
ing and harvesting the cells have been described previously (13). 
The washed, wet cells were suspended in 8 volumes of 0.05 M 
potassium phosphate, pH 8.0. The suspensions were disrupted 
in 10 to 50 ml quantities by oscillation in a Raytheon 10 ke. 
magnetostrictive sonic oscillator which was cooled with water at 
1°. For the activities being studied, there seemed to be no ad- 
verse effect of a prolonged period of sonic treatment so that the 
time chosen was not critically determined but, rather, that 
which resulted in a disruption that appeared maximum upon 
visual examination. Thus, a 4-minute treatment was satisfac- 
tory for volumes of suspension up to about 20 ml. For larger 
volumes, a somewhat longer treatment was employed. The 
disrupted suspensions were centrifuged at 28,000 x g for 15 
minutes in a Servall SS-1 centrifuge. The sediment was dis- 
carded and the extracts were stored at —10° until used. The 
protein content of such extracts was 15 to 20 mg per ml. _Pro- 
tein was determined by the spectrophotometric method of War- 
burg and Christian (15) or by the biuret method of Gornall et al. 
(16). 

In isotope incorporation experiments, the cells were inoculated 
at a moderate density in 20 ml of medium in a 300-ml Erlen- 
meyer flask equipped with a cuvette side arm which allowed 
density readings to be made during the experiments. Flasks 
containing labeled supplements were plugged with rubber stop- 
pers. The cultures were incubated for 3 hours at 37° in a Bruns- 
wick gyrotary shaker-water bath. At the end of the growth 
period, the cells from the entire culture were harvested and the 
protein isolated by the method of Roberts et al. (17). The pro- 
tein was hydrolyzed with 2.0 ml of 6 N HCl in a sealed tube at 
100—110° for 15 hours. The hydrolysate was evaporated to dry- 
ness three times. The residue was taken up in 0.2 ml of water 
and 0.05 ml was applied to strips of Whatman No. 3 paper for 
descending chromatography. The solvent was tert-amyl alcohol 
98° saturated with water and was employed in an atmosphere 
of diethylamine (18). The distribution of amino acids along the 
chromatogram was determined with a Photovolt densitometer 


! Strain P-14 is a guanine auxotroph (14) derived from A. aero- 
genes strain 1033. The double mutant, strain P14-43 was kindly 
supplied by Dr. Frederick Neidhardt. The guanine requirement 
of this strain should not influence the results obtained. In grow- 
ing this organism, guanosine was incorporated into the basal me- 
dium at a concentration of 10 ug per ml. 
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after dipping in 0.25% ninhydrin in acetone and developing the 
color at 40° for 90 minutes. Radioactivity was determined with 
the aid of a Forro windowless flow gas chromatogram counter 
operating in the proportional region. 

Acetolactate and acetohydroxybutyrate reduction were fol- 
lowed spectrophotometrically by recording TPNH disappearance 
at room temperature in a 3.0 ml system containing 300 uwmoles 
of potassium phosphate, pH 7.5, or of glycylglycine, pH 7.75; 
10 wmoles of magnesium chloride; 0.1 to 0.3 umole of TPNH; 
substrate, either dl-acetolactate (2 umoles) or dl-acetohydroxy- 
butyrate (4 uwmoles); extract as indicated. In some experiments 
TPNH was generated by incubating 0.4 umole of TPN* and 
0.2 to 0.6 umole of dl-isocitrate (prepared from isocitric lactone) 
before adding the substrate. Crude extracts had enough isocitric 
dehydrogenase activity in the volume used to convert all the 
TPN?*+ to TPNH in less than 3 minutes. When partially purified 
preparations were being assayed, an E. colt isocitric dehydro- 
genase preparation, which did not reduce the substrates, was 
employed for TPNH generation. 

In the crude extracts of both the EF. coli and A. aerogenes 
strains, there was no TPN-linked reduction or oxidation of either 
acetoin or diacety]. Under the conditions employed for grow- 
ing the cells and preparing the extracts, neither species catalyzed 
the decarboxylation of either acetolactate or acetohydroxy- 
butyrate. 
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Fic. 1. Incorporation of C'*-labeled acetohydroxy acids into 
valine and isoleucine. Top: Tracings of density of color of nin- 
hydrin spots (broken line) and distribution of radioactivity (solid 
line) in a strip chromatogram of a hydrolysate of the protein from 
E. coli W cells grown for 3 hours in minimal medium supplemented 
with 100 wg of dl-acetolactate-3-C' and 50 wg of L-leucine per ml. 
During the incubation period of the culture, the optical density of 
the culture increased from 0.106 to 0.340 (about 2.2 mg wet weight 
per ml). Bottom: Similar tracings of density and radioactivity 
distribution in a chromatogram of a hydrolysate of the proteins 
from E. coli strain M97-21 grown for 3 hours in minimal medium 
supplemented with 100 wg of dl-acetohydroxybutyrate-3-C"™ per 
ml. The density of this culture increased from 0.144 to 0.488 
(about 3.1 mg wet weight per ml). The optical density of the cul- 
tures in both experiments were determined using a Klett-Summer- 
son photometer with a 42 filter. 
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For the chromatographic separation of the dihydroxy acids 


the solvent was benzyl alcohol-n-butanol-formic acid-water 


(7:3:1:1). Salts were removed from reaction mixtures before 


chromatography by passing 2.0 ml of the mixture through g_ 


freshly prepared column of quaternary ammonium, polystyrene 
(Dowex 1) resin, 200 to 400 mesh with 8% cross linkage, pre. 
pared as follows: the resin, as supplied, was suspended in water 
and a 5.0-ml column was prepared. The column was treated 
with 2.0 ml of 4 N sodium hydroxide and then washed free of 
alkali with water. 


4 ml of 6 N formic acid and several volumes of water. The 
eluates were evaporated to dryness twice under reduced pressure 
to remove most of the formic acid. The residue was taken up 
in 0.2 ml and a portion was applied to the paper. After chro- 
matography, the dihydroxy acids were located by spraying with 
the periodate reagent of Cifonelli and Smith (19) and, after 5 
minutes, the benzidine reagent of Wagner et al. (9). 

Ethyl methyl ketone and acetone were determined colorimet- 
rically by condensation with salicylaldehyde under acidic and 
alkaline conditions, respectively (20). 

Preparations—TPN* and TPNH were purchased from Sigma 
Chemical Company. The amino acids used as supplements to 
the minimal medium and the dl-isocitric acid lactone were pur- 
chased from California Corporation for Biochemical Research. 

a,@8-Dihydroxyisovaleric and 
acids were synthesized according to Sjolander et al. (21). Syn- 
thetic a-acetolactate was prepared by the method of Krampitz 
(22). The same method was used to prepare a-aceto-a-hydroxy- 
butyrate except that the ethyl-substituted acetoacetic ester was 
employed. The ethanol and acetate liberated in the saponifica- 
tion step did not interfere with the spectrophotometric assay of 


enzyme activity described below. For the preparation of aceto- | 


lactate-3-C™, the intermediate, methyl-C'-substituted aceto- 
acetic ester, was made by condensing methyl-C™ iodide with 
ethyl acetoacetate in the usual way (23). Acetohydroxybutyr- 
ate-3-C" was similarly prepared starting with ethyl-1-C"™ iodide. 
The resulting products had specific activities of 5 mc per mole. 


RESULTS 


Growth Experiments with Acetolactate—The most sensitive 
qualitative test for utilization of various compounds is the auxan- 
ographic method, with the use of minimal agar seeded with the 
appropriately blocked auxotrophs. In applying this technique 
to acetolactate, no mutants were found which utilized this com- 
pound, presumably because none was blocked early enough in 
valine synthesis. However, advantage could be taken of another 
effect of valine: its ability, even in low concentrations, to inhibit 
the growth of EF. coli strain K-12. Acetolactate was found to 
exert a similar inhibitory effect. “In common with the inhibition 
caused by L-valine, a-ketoisovalerate, and a,8-dihydroxyiso- 
valerate, the inhibition by acetolactate was noncompetitively 
reversed by L-isoleucine or its 6-carbon precursors, but not by 
a-aminobutyrate. On the basis of this valine-like property of 
acetolactate, it was inferred that it was being converted to valine 
inside the cell. 

A more direct demonstration that acetolactate was converted 
to valine was achieved by growing a wild type strain of E. coh 
that was not sensitive to valine or acetolactate (strain W) in 
liquid medium containing acetolactate-3-C™ and L-leucine. The 
upper half of Fig. 1 shows the distribution of C™ in a chromato- 
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gram of the hydrolysate of protein from such cells. Also shown 
in that part of the figure is a tracing of the density of the spots 
appearing after treatment with ninhydrin. The coincidence of 
the valine spot and the peak of radioactivity indicates that aceto- 
lactate was converted almost exclusively to valine in strain W. 
In other experiments, leucine was omitted and in such cases 
there was also incorporation into the leucine. The absence of 
radioactivity in the leucine of the hydrolysate represented in the 
figure indicates that leucine undoubtedly exerts a feedback con- 


trol over its pathway, presumably by preventing the conversion 
of a-ketoisovalerate to a-ketoisocaproate (17). 


Growth Experiments with Acetohydroxybutyrate—The utiliza- 
tion of acetohydroxybutyrate was more readily demonstrated by 
the auxanographic method than was that of acetolactate since 
mutants lacking L-threonine deaminase (such as E. colt M97-21) 
responded as well to this compound as they did to a-amino- or 
a-ketobutyrate or to L-isoleucine. In addition, acetohydroxy- 
butyrate, like L-isoleucine, permitted growth of the valine-sensi- 
tive E. coli strain K-12, when this organism was used to seed 
minimal agar containing inhibitory amounts of L-valine. 

Fig. 2 shows the results of an experiment in which the isoleu- 
cine auxotroph, strain M97-21, previously grown in minimal 
medium supplemented with 50 ug of L-isoleucine per ml, was 
incubated in minimal medium and in media supplemented with 
L-isoleucine or with acetohydroxybutyrate. It can be seen that 
acetohydroxybutyrate supported growth as well as L-isoleucine. 
Heating the acetohydroxybutyrate preparation for 5 minutes in 
a boiling water bath destroyed its ability to support growth? (an 
observation expected if this B-keto acid was the active compo- 
nent in the preparation). 

That the utilization of acetohydroxybutyrate was accompanied 
by its conversion to isoleucine in E. coli protein was demonstrated 


- in an experiment in which strain M97-21 was incubated in mini- 


mal medium supplemented with acetohydroxybutyrate-3-C™. 


_ The lower part of Fig. 1 shows a tracing of the density of the 


ninhydrin-reacting spots and the distribution of C' on the chro- 
matogram of the protein hydrolysate prepared from the cells. 
The coincidence of the isoleucine spot and the peak of radio- 
activity should be noted. Similar results have been obtained 
with other strains of E. colt. 

Enzymatic Conversion of Acetolactate and Acetohydroxybutyrate 
to Dihydroxry Acids—In preliminary experiments with the use of 
crude bacterial extracts fortified with Mg++, it was observed 
that the oxidation of TPNH (as indicated by the decrease in 
optical density at 340 mu) was quite rapid in the presence of 
either acetolactate or acetohydroxybutyrate. The oxidation of 
DPNH was not stimulated by these substrates even when the 
activity of DPNH oxidase was repressed by cyanide. Fig. 3 
shows the need for added Mg++ even in crude, undialyzed ex- 
tracts. The extract used in this experiment was prepared from 
E. coli strain M42-11, which is blocked immediately after the 
dihydroxy acids. The more rapid reduction of acetohydroxy- 
butyrate than that of acetolactate, also shown in Fig. 3, is char- 
acteristic of all the extracts that have been examined. 

In other experiments it has been observed that the enzyme is 
completely inhibited by 10-4 mM p-chloromercuribenzoate. The 


?It would appear from this and similar experiments that the 
acetohydroxybutyrate contains some heat stable impurity which 
can be slowly converted to isoleucine by this mutant. Since it is 


unlikely that this impurity has affected the results significantly, 
ho attempt has been made to identify it. 
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—x 
L-tsoleucine 
4 
0.40 
> 
S 0.304 
a 
Acetohydroxybutyrate 
a 0.20 (Heated) _ 
_8--s8 
0.08 l l 
2 3 5 
HOURS 


Fic. 2. Growth of £. coli JHM 544. The inoculum was grown 
overnight in minimal medium supplemented with 100 ug of DL-a- 
aminobutyrate per ml. After being centrifuged and washed, the 
cells were inoculated into 20 ml of minimal media supplemented as 
indicated in 300 ml flasks with Klett tube side arms. The flasks 
were incubated at 37° in a Brunswick gyrotary shaker-water bath. 
Readings were made as indicated using a Klett-Summerson pho- 
tometer with a 42 filter. 


inhibition was reversed by mercaptoethanol. Arsenite (107% m) 
did not inhibit, with or without preincubation of the enzyme with 
3 X 10°* Mm mercaptoethanol. Because of this indication of the 
essential nature of sulfhydryl groups mercaptoethanol or gluta- 
thione was added to extracts undergoing fractionation or dialysis. 
In crude extracts, however, little benefit was noted from adding 
mercaptoethanol. The crude extracts, like the fractionated ex- 
tracts to be described, were unable to reduce either acetylmethy]- 
carbinol or acetylethylcarbinol. 

Table I shows data obtained by determining the rates of TPNH 
disappearance in the presence of acetolactate and acetohydroxy- 
butyrate with extracts prepared from several strains of EF. coli 
and A. aerogenes. The wild type E. colt, strain W, and strain 
M42-11, a mutant blocked after the two dihydroxy acids, showed 
similar activities against the acetohydroxy acids. Strain M48-62, 
a valine auxotroph which accumulated acetolactate showed al- 
most no activity against acetolactate and only about a tenth of 
the activity against acetohydroxybutyrate shown by the wild 
strain extract. The very low activity observed with this ex- 
tract with acetolactate as substrate was not due to experimental 
error but, as will be shown below, was due to the reaction under 
investigation. Another mutant, A. aerogenes strain P14-43, com- 
pletely lacked reductase activity against both acetolactate and 
acetohydroxybutyrate. As will be emphasized below, such data 
most convincingly demonstrate that a single enzyme catalyzes 
both reactions. 

The demonstration of the a,8-dihydroxy acid precursors of 
isoleucine and valine as the products of reduction of acetohy- 
droxybutyrate and acetolactate was accomplished by paper 
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Fic. 3. The initiation of acetohydroxybutyrate and acetolac- 
tate reduction by the addition of magnesiumions, The assay sys- 
tem described in Experimental was employed with phosphate 
buffer, except that magnesium chloride was added at the indicated 


time. 


TABLE I 
Reduction of acetolactate and acetohydrorybutyrate by 
bacterial extracts 

Extracts prepared by sonic disruption of cells grown as follows: 
E. coli strain W grown in minimal medium, £. coli strains M42-11 
and M48-62 in minimal medium plus 90 ug of L-valine and 30 ug of 
L-isoleucine per ml, A. aerogenes strain P-14 in minimal medium 
plus 10 wg of guanosine per ml, and P14-43 in the same medium 
plus 90 wg of L-valine and 30 ug of L-isoleucine per ml. For other 
conditions, see ‘‘Experimental.’’ 


Specific activity 
Extract from 
Acetolactate 
—AOD se0o/mg protein/min 
E. colt 
W 0.033 0.160 
M42-11 0.029 0.122 
M48-62 0.002 0.009 
A. aerogenes 
P-14 0.018 0.070 
P14-43 0 0 


chromatography. For this purpose, the spectrophotometer 
cuvettes contained 3.0 ml of the assay system described in “‘Ex- 
perimental” except that 13.8 umoles of dl-isocitrate, 10 umoles 
of substrate, and 1.0 ml of the extracts (see Table I) were em- 
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ployed. The course of the reaction was followed by observing, 
at intervals, the optical density at 340 my. As long as d-igo- 
citrate remained, the TPN* was poised in the reduced form. 
At the end of the reaction, the reaction mixtures were depro- 
teinized and desalted. A portion of each was applied to paper 
and chromatographed. In this way it was possible to show that 
the extract of E. coli M42-11 formed a,8-dihydroxyisovalerate 
and a,f-dihydroxy-6-methylvalerate as products of acetohy- 
droxy acid reduction. As had been expected on the basis of the 
results in Table I, the extract of the valine auxotroph, E. coli 
M48-62, formed the dihydroxy precursor of isoleucine. It wag 
an unexpected finding, however, that the dihydroxy precursor of 
valine was also formed, although the reaction was much slower 
in this extract. The demonstration, by chromatography, of the 
formation of this compound? showed that the block in valine 
biosynthesis of strain M48-62 is not a complete one. In con- 
trast, a similar experiment with the extract from A. aerogenes 
strain P14-43 yielded no dihydroxy acid, detectable by chroma- 
tography, a result in accord with the spectrophotometric assay. 

The finding of a “partial” block in the isoleucine pathway 
prompted a reexamination of the growth behavior of strain 
M48-62. In several tests, it has not been possible to demonstrate 
any stimulation of growth by adding either L-isoleucine or a- 
keto-8-methylvalerate to a medium supplemented with valine. 
It would appear that this residual activity of the reductase 
against acetohydroxybutyrate is sufficient for isoleucine biosyn- 
thesis. It should be reported, however, that in this experiment 
the growth rate of the mutant was not restored to the wild type 
growth rate by these additions. 

A more convenient method of determining the end product of 
the reaction was based on the fact that upon oxidation by peri- 
odate, a,@-dihydroxyisovalerate and 
valerate yield acetone and ethyl methyl ketone, respectively. 
For the periodate treatment the entire cuvette contents were 
evaporated to dryness under reduced pressure in a 50-ml round 
bottom flask. The residue was taken up in 0.5 ml of water. 
To it were added 0.2 ml of 0.5 m sodium bicarbonate and 0.1 
ml of 0.5 m periodic acid. After 10 minutes at room tempera- 
ture the oxidation was stopped by adding 0.1 ml of 2.0 m potas- 
sium iodide. The mixture was acidified with 0.4 ml of 4 N hy- 
drochloride acid and was treated with sufficient 1.0 m sodium 
thiosulfate to remove the yellow color (about 0.4 ml required). 
The mixture was made up to 6.0 ml with water. The flask was 


attached to a distilling apparatus and about 3.5 ml of distillate they 
paring 1 


were collected in a graduated tube surrounded by ice. The 
distillate was made up to 4.0 ml and the ethyl methy] ketone and 
acetone were determined. Table II shows the results of such 
an experiment; the dihydroxy acid precursor of valine was in- 
dicated by the detection of acetone after treatment with peri- 
odate whereas the dihydroxy acid precursor of isoleucine was 
indicated by the detection of ethyl methyl ketone.‘ 

Evidence for One Reductase for Both Pathways—The occurrence 


?In this case the compound was further identified by eluting 
from a duplicate chromatogram the area corresponding to the 
periodate-reacting spot and demonstrating its capacity to fulfill 
the valine requirement of A. aerogenes P14-43. 

‘ This method would not distinguish between the a,6-dihydroxy 
and the a-keto-8-hydroxy analogues of isoleucine and valine. 
However, the fact that the appearance of the acetone or ethyl 
methyl ketone yielding compounds was dependent on a TPNH- 
generating system, supports the view that only the dihydroxy 
acids were formed. 
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of auxotrophs requiring both isoleucine and valine after loss of 
a single enzyme are common. These have been found to fall 
into three classes: one, lacking the glutamic, valine, isoleucine, 
and leucine transaminase (24); a second, represented here by 
strain !42-11, lacking the dihydroxy acid dehydrase (25); and a 
third, represented here by A. aerogenes P14-43, which cannot 
form the dihydroxy acids but can utilize them for growth. The 
finding that extracts of this mutant cannot reduce either aceto- 
lactate or acetohydroxybutyrate leads to the conclusion that a 
single enzyme, missing in strain P 14-43, is essential for the reduc- 
tion of both compounds. 

Additional evidence for an enzyme common to both pathways 
is based on the fact that the rates of reduction of acetolactate 
and acetohydroxybutyrate are not additive (Table III). This 
is true not only of an extract prepared from strain M42-11, in 
which the enzyme is apparently unchanged from that of the wild 
type, but also in an extract of strain M48-62, which contains a 
depressed activity against acetohydroxybutyrate and almost no 
activity against acetolactate. 

Preliminary Purification of Reductase—Although it is clear 
that an enzyme, essential for the conversion of acetolactate to 
a,6-dihydroxyisovalerate, is also essential for the corresponding 
conversion of acetohydroxybutyrate, it is not clear whether or 
not this is the only enzyme involved in the conversion. In an 
effort to determine whether this enzyme catalyzes reduction or 
rearrangement or both, steps have been undertaken to fraction- 
ate the activity in extracts of strain M42-11. 

Extracts were prepared in the usual way except that 0.01 m 
potassium phosphate, pH 8.0, with 10-* m mercaptoethanol was 
employed for suspending the cells before disrupting. Nucleic 
acids and acidic proteins were removed by treating with one- 
tenth volume of 5% streptomycin sulfate. Ammonium sulfate 


precipitation of the activity from the streptomycin supernatant 
(Fraction A) was performed by adding saturated ammonium 
sulfate (prepared at 3° from: ammonium sulfate recrystallized 
from 10-3 m ethylenediaminetetraacetate). 


The protein precip- 
itating between 0 and 40% saturation was discarded. The 
fraction precipitating between 40 and 60% saturation (Fraction 
B) was taken up in one-fifth the original volume of 0.01 m potas- 


sium phosphate, pH 6.5, containing 107-? m mercaptoethanol. 
Fraction B was dialyzed against 200 volumes of the same buffer 


for 2 hours. Because prolonged dialysis resulted in destruction 
of enzyme activity, rapid dialysis was necessary. A fairly large 


surface volume ratio in the dialysis bag was achieved by pre- 


paring the bag from tubing 25 mm in diameter and inserting a 
Lucite rod 23 mm in diameter. The cylinder containing the 
dialyzing fluid was packed in ice. The bag was rotated and the 
external fluid stirred. After dialysis Fraction B was diluted to 
the original volume with 0.01 m potassium phosphate, pH 6.5, 
containing 10-3 m mercaptoethanol. Adsorption of inactive pro- 
teins was performed with 1.8 ml of calcium phosphate gel (56 
mg dry weight) per 10 mg of protein. The bulk of the activity 
present in the supernatant from the gel treatment (Fraction C) 
was then removed by the further addition of 3.7 ml of gel (116 
mg dry weight) per 10 mg of protein. The activity was eluted 
from the gel with the original volume of 0.01 m potassium phos- 
phate, pH 7.5, containing 10-* m mercaptoethanol. This solu- 
tion (Fraction D) was treated with saturated ammonium sulfate. 
The fraction precipitating between 0 and 60% saturation was 
discarded. That precipitating between 60 and 80% saturation 
(Fraction E) was dissolved in one-tenth the original volume of 
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TABLE II 


Estimation of dihydroxy acid precursors of valine and isoleucine 
by their conversion to ketones by periodate 


The spectrophotometer cuvettes contained 3.0 ml of the assay 
system described in ‘‘Experimental’’ except that 7 umoles of dl- 
isocitrate, 5 umoles of substrate, and 0.3 umole of TPN*+ were em- 
ployed. In addition, each cuvette contained 0.2 ml of extract 
prepared from £. coli strain M42-11 and containing 4.0 mg of pro- 
tein. At the end of the reaction (indicated by decrease in ODg,49) 
0.2 ml of 18 N sulfuric acid was added. After removing the pre- 
cipitated protein by centrifugation, the entire samples were evap- 
orated to dryness under reduced pressure. The periodate treat- 
ment and the ketone determinations were performed as described 
in text. 


|Minutes for 
Substrate — Periodate oxidation product 
ance 
Acetolactate....... 65 to 70 | 0.88 umole acetone 
Acetohydroxybu- 
21 to 26 | 2.88 umoles ethyl methyl ketone 
TABLE III 


Competition between acetolactate and acetohydroxybutyrate 


For conditions, see ‘‘Experimental.”’ 
cells grown as indicated in Table I. 


Extracts prepared from 


Extract from Acetolactate 5 Both 

—AOD 140/0.1 mi extract/min 
EB. cols M42-11............... 0.024 0.128 0.096 
E. coli M48-62............... 0.002 0.018 0.010 


0.05 m potassium phosphate, pH 7.5, with 10°? m mercapto- 
ethanol. All operations were performed in an ice bath or in a 
4° cold room. Precipitates were collected by centrifugation for 
15 minutes at 21,000 x g. 

Table IV shows the results of one fractionation experiment, 


TABLE IV 
Partial purification of reductase from strain M42-11 
utyrate 
Ratio of activ- 
Fraction Protein _| ity: acetohy- 
Total | Specific | cetolactate 
activity | activity 
| 
mg gs 
| 
A. Supernatant from strep- 
413 39.6 | 0.096 4.0 
B. Ist (NH4)2SO, precipi- 
143 40.3 | 0.28 5.0 
same, after dialysis.....| 143 32.3 | 0.23 4.3 
C. Supernatant from Ist 
Ca3z(PO,)2 gel........... 20.4 | 20.7 | 1.01 4.0 
D. Eluate from 2nd 
Cas(PO,)2 gel........... 6.13 | 16.5 | 2.70 4.3 
E. 2nd (NH4)2SO, precipi- 
1.69 | 7.65 | 4.52 4.4 
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TABLE V 
Determination of products of reduction of acetolactate and 
acetohydrozybutyrate 


The experiment was performed in large cuvettes with 10.0 ml 
of reaction mixture containing: glycylglycine, pH 7.75, 1.0 mmole; 
magnesium chloride, 30 wmoles; TPNH, 8.3 uwmoles, and either 
acetolactate, 22.8 wmoles, and 1 mg of enzyme protein, or aceto- 
hydroxybutyrate, 12.3 wmoles, and 0.25 mg of enzyme protein. 
The temperature was 37°. Control cuvettes from which TPNH 
or enzyme or both were omitted were also incubated. TPNH 
disappearance was followed spectrophotometrically. After 40 
minutes, the reaction was stopped by adding 0.4 ml of 0.5 m zine 
hydroxide. Analysis of the acetohydroxy acids remaining and the 
dihydroxy acids formed were performed on the deproteinized re- 
action mixtures. In addition, half of the reaction mixture was 
desalted, and chromatographed. The location of the a,#-dihy- 
droxy acids was located by spraying a guide strip. The dihydroxy 
acids were eluted with 1 N ammonia, evaporated to dryness, and 
treated with periodate. The periodate treatment was identical 
to that used in the experiment described in Table II. For other 
details, see ‘‘Methods.”’ 


Ketone formed 
from dihydroxy 
acids by periodate 
treatment 
Substrate TPNH used | Acetohydroxy 
After 
elution 
Direct from 
chroma- 
togram 
pmoles umoles pmoles | wmoles 
Acetolactate............. 5.4 4.2 4.3 4.3 
Acetohydroxybutyrate. .. 4.7 4.6 4.6 4.9 
TABLE VI 


Reduction of a-keto-B-hydrozy acids by extract of E. coli M42-11 

Each cuvette contained substrates in the amounts indicated 
and 0.10 mg of extract protein prepared from E£. coli strain M42-11. 
For other conditions, see ‘‘Experimental.’’ 
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Additions 
Substrate Aceto- 
None 
4 umoles 2 umoles 
umoles OD s40/min 
Acetohydroxybutyrate........ 2 0.080 0.083 
a-Keto-6-hydroxyisovalerate. . .2 0.004 | 0.005 | 0.005 
a-Keto-8-hydroxyisovalerate.. 6 0.010 | 0.009 | 0.011 
a-Keto-8-hydroxy-8-methyl- 
2 0.005 | 0.005 | 0.005 
a-Keto-6-hydroxy-8-methyl- 
6 0.012 | 0.011 | 0.011 
Both a-keto-8-hydroxy acids. ..2 of each | 0.009 
Both a-keto-8-hydroxy acids. ..6 of each | 0.021 


with the use of this procedure. 
reductase activity was still found in a single fraction. 


After a 50-fold purification, 
In addi- 


tion, the data in the table show that there was no significant 
change in the ratio of activity against acetohydroxybutyrate to 
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that against acetolactate. In other experiments, adsorption and 
elution with diethylaminoethy] cellulose columns have also failed 
to give any evidence of fractionation of the activity. 

Product of Acetohydroxy Acid Reduction by Partially Purified 
Enzyme—It was of interest to determine how much of the aceto- 
hydroxy acid disappearing was actually converted to the reduced, 
rearranged precursor of isoleucine and valine with the use of a 
partially purified enzyme preparation. In such a preparation, 
side reactions should have been reduced or eliminated. Accord- 
ingly, a large scale experiment was performed in which the 
amount of TPNH disappearing was related to the amount of 
acetolactate or acetohydroxybutyrate used, and the dihydroxy 
acids formed. The latter were determined not only directly in 
the reaction mixtures, but also after isolation by paper chroma- 
tography. As shown in Table V, there was a nearly stoichio- 
metric relationship between substrates and products. The 
departure from theory was most apparent in the tube in which 
acetolactate was substrate, more TPNH disappearing than could 
be accounted for by reduced product. However, it should be 
noted that this tube contained more of the enzyme preparation 
and there may have been a small amount of a competing reac- 
tion that destroyed TPNH. It is clear, however, that the prod- 
ucts of acetolactate and acetohydroxybutyrate utilization are 
the a,@-dihydroxy precursors of valine and isoleucine, respec- 
tively. 

Role of a-Keto-B-hydroxy Analogues of Isoleucine and Valine— 
In view of the finding of Wagner et al. (9) that N. crassa extracts 
reduced a-keto-8-hydroxyisovalerate and a-keto-6-hydroxy-6- 
methylvalerate, it was of interest to test these compounds in the 
E. coli system. Table VI shows that these compounds are also 
reduced by an E. coli extract, but maximal rates of reduction 
could not be obtained with the concentrations employed. As 
expected, if the enzyme had not been saturated, the rates of re- 
duction of the a-keto-8-hydroxy compounds were nearly additive. 
In contrast, the rates of reduction of acetolactate and acetohy- 
droxybutyrate were not appreciably increased by increasing sub- 
strate concentrations over those usually employed. As had been 
shown in Table III, mixtures of acetolactate and acetohydroxy- 
butyrate were reduced at rates in between those of the two sub- 
strates alone. Paradoxically, however, a mixture of acetolactate 
and a-keto-8-hydroxyisovalerate was reduced at the same rate 
as a-keto-B-hydroxyisovalerate alone, even though the amount 
of a-keto-B-hydroxyisovalerate employed was well below that re- 
quired for saturation. These results appear to eliminate the 
a-keto-6-hydroxy acids as free intermediates in the formation of 
the dihydroxy analogues of valine and isoleucine. Therefore, the 
name acetohydroxy acid isomeroreductase is proposed for this 
enzyme. 


DISCUSSION 


With the finding that acetolactate is reduced and rearranged to 
a,B-dihydroxyisovalerate by E. coli extracts, the last link in the 
chain of enzymatic reactions leading from pyruvate to valine in 
E. coli has been established. Although acetohydroxybutyrate 
is converted to isoleucine by the same enzymes that convert 
acetolactate to valine, the pathway to isoleucine is still incom- 


’ The authors wish to acknowledge the kindness of Drs. A. N. 
Rhadakrishnan and E. E. Snell for generously sharing their small 
supply of these compounds. 
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plete since the formation of acetohydroxybutyrate has not been 
described in detail.® 

Although much remains to be learned of the mechanism of 
these enzymatic reactions, there is particular interest in the en- 
zyme described here, since it catalyzes a rearrangement of the 
carbon skeleton. This conversion could occur in two steps with 
rearrangement either preceding reduction as suggested by Meis- 


ter (27): 


O 
CH;—-C—COH—COO- — 
H; CH; 
Acetolactate a-Keto-8-hydroxyisovalerate (1) 
CH;—COH—CHOH—COO- 
H; 
a,8-Dihydroxyisovalerate 
or following reduction: 


—+ CH;—CHOH—COH—COO- 


H; H; 
Acetolactate a,8-dihydroxy-a-methylbutyrate (2) 
CH;—COH—CHOH—COO- 


H; 
a,8-Dihydroxyisovalerate 


In either sequence, each step could be catalyzed by a single 
enzyme. Alternatively, both steps could be catalyzed by the 
same enzyme, in which case a free intermediate might not be 
formed. The possibility that reduction precedes the rearrange- 
ment in a sequence of two enzymatic reactions with a,@-di- 
hydroxy-a-methylbutyrate as a free intermediate (Reaction 2) 
has been eliminated since none of four isomers’ is biologically 
active nor can any be enzymatically rearranged to the dihydroxy 
precursor of valine. 

On the basis of the interesting observation that a-keto-B-hy- 
droxyisovalerate and a-keto-8-hydroxy-8-methylvalerate could 
be reduced to the a,@8-dihydroxy precursors of valine and iso- 
leucine by extracts of N. crassa, Wagner et al. (9) were led to 
favor Reaction 1. Failure to find the rearranged, unreduced 
compounds accumulating in the absence of TPNH led them to 
suggest that the a-keto-B-hydroxy compounds might be enzyme- 
bound intermediates. Results reported here would support their 
conclusion. 

The results in Table VI would lead to the suggestion that the 
reductase may have two active sites. At one site the enzyme 


® Dr. Richard Leavitt, working in this laboratory, has recently 
demonstrated that acetohydroxybutyrate is formed from a-keto- 
butyrate and pyruvate in a reaction analogous to that (5) forming 
acetolactate. As recently reported (26), the inhibition by valine 
of this reaction accounts for the sensitivity of EF. coli strain K-12 
to exogenous valine. 

’ These isomers were prepared by the introduction of adjacent 
hydroxyl groups across the double band of tiglic acid (a-methyl 
crotonic acid) in one case by treatment with permanganate to ob- 
tain the cis addition compound and in the other case with per- 
acetic to obtain the trans addition compound. The assumption 
has been made that the testing of these compounds as the racemic 
mixtures did not invalidate the observations. 
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may combine with either acetohydroxybutyrate or acetolactate 
and after rearrangement of the substrate to the a-keto-8-hydroxy 
compound, may transfer it to the second site where reduction 
occurs. Although the free a-keto-8-hydroxy compounds com- 
bine poorly with the second site, it would appear to inhibit the 
combination of either of the acetohydroxy compounds with the 
first site on the enzyme. An alternative but less likely possibility 
is that the a-keto-8-hydroxy acids are inhibitors of acetohydroxy 
acid reductase but are themselves substrates unrelated to the nor- 
mal biosynthesis of valine and isoleucine. 

A further observation points toward reduction and rearrange- 
ment occurring on the same enzyme. The spectrophotometric 
assay of reductase activity is directly proportional to extract 
concentration over a considerable range of dilution. If a free 
intermediate existed between rearrangement and reduction, it 
would be expected that over-all activity would decrease out of 
proportion to the dilution, unless the second enzyme had an ex- 
tremely high affinity for the intermediate. 


SUMMARY 


1. Experiments with an isoleucine auxotroph of Escherichia coli 
revealed that a-aceto-a-hydroxybutyrate was utilized as a pre- 
cursor of isoleucine. Acetohydroxybutyrate-3-C™“ was incor- 
porated into isoleucine of wild type E. coli. The corresponding 
valine precursor, a-acetolactate-3-C™, was incorporated into 
valine and leucine of E. colt protein. 

2. Acetohydroxybutyrate and acetolactate were reduced by 
an enzyme in E. colt and Aerobacter aerogenes extracts. Reduced 
triphosphopyridine nucleotide served as the hydrogen donor and 
Mg** was required. The reduction of acetolactate and acetohy- 
droxybutyrate was accompanied by the formation of a,8-dihy- 
droxyisovalerate and a,@-dihydroxy-$-methylvalerate, respec- 
tively, a transformation requiring a rearrangement of the carbon 
chain. 

3. The enzyme was more active against acetohydroxybutyrate 
than against acetolactate. The rate of reduction of the aceto- 
hydroxy acids in mixtures was not additive, suggesting that a 
single enzyme acted on both. Additional evidence for a single 
enzyme was obtained from the observation that extracts of a 
mutant of A. aerogenes were unable to reduce either substrate, 
presumably as a result of a single mutation. Extracts of a mu- 
tant of E. coli exhibited depressed activity against both sub- 
strates. However, since sufficient residual acetohydroxybutyr- 
ate reductase activity was present, only valine was required for 
the growth of this strain. 

4. Rearrangement of acetolactate and acetohydroxybutyrate 
probably precedes reduction since the a-keto-8-hydroxy ana- 
logues of valine and isoleucine can also be reduced by extracts of 
wild type cells and by extracts of mutants unable to reduce the 
acetohydroxy acids. The differences in the kinetics of reduction 
of the acetohydroxy acids and the a-keto-8-hydroxy acids make 
it appear unlikely that the latter occur as free intermediates. 
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The metabolism of deoxyribonucleic acid has been studied 
intensively by means of isotope techniques (1, 2). Such studies 
are fraught with difficulties arising from the slow rate of syn- 
thesis and renewal of deoxyribonucleic acid. Since many of 
the metabolic precursors of DNA contribute not only to the 
labeling of DNA but also, and more extensively, to other meta- 
bolic pools, it becomes necessary to establish carefully the purity 
of DNA isolated. Furthermore, when precursors are used which 
contribute to a variety of pools, the effects of reutilization and 
feedback (3) must be considered. 

A notable exception among the metabolic precursors useful 
in the study of DNA metabolism is thymidine since it occurs 
only in DNA. Thymidine, labeled with C or H*, has been 
used in a variety of investigations of DNA (4-6). 


DEFINITIONS 


The term “replacement time” as used in this paper refers 
to the time required for the decrease of the specific activity 
of a compound to 1/e.or approximately 37% of its initial value. 
The term 1/e is derived from the exponential function for uni- 
molecular reaction rates. ‘Replacement rate” is defined as the 
reciprocal of “replacement time.”’ It should be kept in mind 
that special conditions prevail in the case of DNA because the 
metabolism of DNA is mainly determined by the renewal of 
the cells. The cells may be renewed at random or may have 
a finite life span. The process of random replacement of cells 
is an exponential function of time whereas the process of re- 
placing cells with a finite life span is a function of life span 
and its variability. 

The techniques usually used to study turnover rates with 
isotopically labeled precursors are: (a) The measurement of the 
rate of isotope “incorporation,’’! and (b) the measurement of iso- 
tope “replacement” after a prior administration of the labeled 
precursor. The latter approach is emphasized in the present 
investigation. 


EXPERIMENTAL PROCEDURE 


Tritiated thymidine was obtained by exposing thymidine 
(purchased from the California Biochemical Corporation) to 
tritium gas for 2 weeks according to the procedure of Wilzbach 
et al. (7), carried out by the New England Nuclear Corporation. 
The crude product (144 mg, 87 mc) was purified by repeated 


* Supported, in part, by a grant from the United States Atomic 
Energy Commission. 

t Max Kade Fellow. 

1 It should be pointed out that the term ‘‘incorporation”’ is not 
necessarily synonymous with ‘‘synthesis.’’ 


paper chromatography until a constant specific radioactivity 
was obtained. The specific activity was 1 xX 10°® c.p.m. per 
umole, or, approximately, 15 ue per umole. 

Each of five male rats (174 + 3 g) were given 4.5 xX 10° 
c.p.m. of thymidine-H', divided into three equal portions, and 
injected intraperitoneally at 3-hour intervals. The animals 
were then killed at 1, 3, 6, 15, and 30 days, respectively, after 
the last injection. Liver, kidneys, spleen, testes, thymus, and 
intestines (jejunum, ileum, and duodenum) were removed and 
frozen. 

Isolation of DNA—DNA was isolated as described by Kay 
et al. (8) but the use of a detergent was omitted. The organs 
were homogenized in a Waring Blendor with 20 volumes of cold 
0.1 m NaCl-0.05 m sodium citrate solution. The homogenate 
was then centrifuged for 10 minutes and the turbid supernatant 
solution discarded. The sediment was resuspended in 0.1 
NaCl-0.05m citrate solution and recentrifuged. As a rule, this 
procedure was repeated five times after which the supernatant 
solution was clear. However, in the case of liver, intestine, and 
muscle, the sediment was resuspended up to 12 times. The fi- 
nal sediment was suspended in cold 10% NaCl solution, dis- 
persed wtih a glass homogenizer, and kept in the refrigerator 
overnight. An insoluble residue was centrifuged off and dis- 
carded; the DNA in the supernatant solution was precipitated 
by addition of 2 volumes of cold ethanol. The resultant DNA 
fibers were wound around a glass rod, washed repeatedly with 
ethanol, and finally dissolved in distilled water. An insoluble 
residue was discarded and the slightly opalescent, highly vis- 
cous solution used for the determination of DNA concentration 
and radioactivity. 

In the case of muscle, however, the considerable amount of 
protein extracted with 10% NaCl solution interfered in the re- 
moval of DNA with a glass rod. Therefore, the precipitate 
was centrifuged, washed with ethanol, and then dialyzed in 
the cold for 3 days against frequently replaced distilled water. 
The resulting insoluble residue was removed and the supernatant 
used for analytical procedures. When muscle DNA still con- 
tained an appreciable amount of protein, the fractionation with 
ethanol was repeated. 

Methods for Determination and Establishment of Purity of DNA 
—DNA concentration was determined by two independent meth- 
ods, namely, by the specific colorimetric method of Ceriotti 
(10) and by measurement of optical density (OD) at 260 my 
supplemented by measurements at 250 and 280 mu. DNA iso- 
lated as mentioned above had a relatively high degree of purity 
as ascertained by means of both of these procedures. 

From the optical density at 260 my (corrected in the case 
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Fic. 3. Plot of specific H* activity against time of DNA iso- 
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of muscle), the concentration of DNA (mg per ml) was cal- 
culated with the use of the absorption coefficients of DNA re- 
ported by Chargaff (9). The values obtained with the method 
of Ceriotti (10) were converted to mg per ml with the use of 
the average ratio of optical density values found with Ceriotti’s 
method to that observed at 260 my for various DNA prepara- 
tions. The ratio OD Ceriotti/OD 260 my under the prevail- 
ing experimental conditions was 0.52 + 0.06 standard deviation. 
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DNA prepared from muscle was always contaminated by traces 
of protein and, therefore, the values for the ratio of optical den- 
sities at 260 and 280 my were corrected as described by Warburg 
and Christian (11) for RNA. 

Determination of Radioactivity—Tritium was counted in a flow 
gas counter (Nuclear-Chicago) with a windowless counting 
tube (D47) and a helium-isobutane mixture as Geiger gas. The 
counting error was 3% or less. 

The DNA samples were plated on rippled stainless steel 
planchets, 1 inch in diameter, purchased from Atomic Associ- 
ates, Inc. Each DNA preparation was plated out in three dif- 
ferent amounts, t.e. 15, 30, and 45 wg of DNA. Self-absorp- 
tion was neglible for the sample size used as indicated by the 
counts obtained. A typical example illustrates this: 32, 63, 
and 95 c.p.m. above background (20 ¢.p.m.), respectively, were 
obtained for the three quantities of DNA mentioned. 

Distribution of Tritium in DN A—In two instances, DNA was 
degraded by DNase I and alkaline phosphatase, according to 
the method of Jones and Laland (12), and thymidine was iso- 
lated. Thymidine accounted for all of the radioactivity pres- 
ent in DNA. The ratio of tritium activity in injected to iso- 
lated thymidine ranged from 2 X 10% to 1 X 105. 


RESULTS 


Semilogarithmic plots of the specific activity of DNA against 
time are presented for various organs in Figs. 1 to 3. It should 
be emphasized that although each point on all the curves rep- 
resents only one animal, these points, when incorporated into the 
composite curve, support each other so as to increase their 
validity. The values for the specific activities of DNA were 
not corrected for changes in body weight occurring during the 
experimental period. 

The computed replacement times of DNA obtained from dif- 
ferent organs have been corrected for the change in body weight.? 
In correcting for the change in body weight, it was assumed 
that changes in organ weight were proportional to those in body 
weight. The validity of this assumption seems somewhat doubt- 
ful in the case of thymus and spleen of growing rats. DNA 
has a short replacement time in these organs so that the cor- 
rections for changes in body weight are of minor importance. 
Organs with a longer replacement time, on the other hand, 
such as liver, muscle, and kidney, show only small changes in 
their DNA concentrations per gram of organ and in their ratio 
of organ to body weight in the young adult rats used. When 
the plot of activity against time revealed the existence of two 


2 The percentage of increase in body weight at the time the ani- 
mal was killed was as follows: 


Days Weight Increase 
1 1% 
3 5 
6 9 

15 28 

30 49 


The following expression was used for the correction of the specific 
activities of DNA for changes in body weight. 


specific activity 
body weight at time animal 
was killed 


Corrected specific activity = 


These corrected specific activities were then evaluated as a fune- 
tion of time. 
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exponential components in intestine, spleen, and thymus, the 
replacement time of each component was computed separately. 

Ratios of incorporation rates for the different organs were 
computed from the ratios of the respective specific activities of 
DNA at the time of injection. These specific activities were 
obtained by extrapolation to zero time of the curves shown in 
Figs. 1 to 3. Because the specific activity-time curve of the 
immediate precursor of DNA is unknown, no absolute rates 
of incorporation can be calculated. In calculating the ratios 
of turnover rates for different organs, it is also assumed that 
the respective organ pools of DNA precursor are in equilibrium 
with each other. : 

To compare these relative incorporation rates with those ob- 
tained by the replacement method, the reciprocals of these rela- 
tive turnover rates, 2.e. turnover times, were normalized. This 
was done by setting the replacement time of liver (incorpora- 
tion method) equal to the respective replacement time obtained 
by the replacement method (replacement time, 20 days). Using 
liver in this way as the reference organ, reasonable agreement 
between the two independent computations of replacement times 
was found for all organs except testis and kidney. 


DISCUSSION 


It seems worthwhile to comment on the comparative merits 
of the two methods commonly used for measurement of meta- 
bolic and cell turnover. The rate of “incorporation” of a pre- 
cursor into the compounds under investigation has been used 
most widely and yields data suitable for calculations of rates 
of incorporation relative to another compound also labeled di- 
rectly by the same precursor. Absolute values for these rates 
may be calculated from such relative rates only if the activity- 
time curve of the precursor is known or if the absolute replace- 
ment rate of the reference compound has been established by 
independent means. Relative rates of incorporation are nev- 
ertheless useful in the study of short-term variation of turn- 
over rates. 

In contrast, the ‘‘replacement’”? method yields data from 
which absolute replacement times may be computed. Further- 
more, this method is subject to fewer errors such as might 
arise otherwise from enivronmental changes and from the un- 
certainty as to the behavior of the precursor as a tracer sub- 
stance. This method is also capable of detecting various met- 
abolic components with different replacement rates without 
necessitating chemical separation. The application of the re- 
placement method requires, however, that the radioactive break- 
down products do not contribute significantly to the precursor 
pool, z.e. that the specific activity of the precursor is much lower 
than that of the DNA. The finding that the specific activity 
of urinary dihydrothymine was considerably lower than that 
of DNA isolated 2 days after injection of thymidine-H* demon- 
strates the fulfillment of this requirement. In the case of DNA, 
the “replacement”? method is applied to a special situation since 
DNA, like hemoglobin of red cells (13), has a finite biological 
life span identical with that of the cell in which it originated 
(14). Thus, measurements of rates of replacement must be 


evaluated with caution when they are made over periods of 
time short with respect to the life span of the cell. Hence, 
a true steady state may not exist because of the possible un- 
equal distribution of radioactivity between mitotically active 
and resting cells. 

Our results may be compared directly with those of Hevesy 
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Replacement times of DNA in different organs of rats computed for 
replacement of radioactivity and relative incorporation 


Organ from incorpo- 
* bt ration rate* 
days days days 
Intestine 1.7 30 
Liver 20 20° 
Spleen 4 40 4.5 
Muscle 25 21 
Testes 60 16 
Thymus 2.5 70 6 
Kidney 55 26 


* The relative rate of incorporation into hepatic DNA is as- 
sumed to be equivalent to 20 days. 

t a = Fast component of activity-time curve. 

t b = Slow component of activity-time curve. 


and Ottesen (15) and Stevens et al. (16), who measured the 
rate of replacement of DNA with the use of P#O,4, and with 
Bendich et al. (17), who used formate-C%. The replacement 
times of DNA in various organs computed from the data of 
Hevesy and Ottesen (15) are considerably lower than our val- 
ues’ whereas our results are generally in good agreement with 
those computed from averaged data reported by Bendich et al. 
(17). Our values for intestine and spleen are at variance with 
those of Bendich et al. (17), but this disagreement seems to be 
due to the fact that the decrease in radioactivity is not a simple 
exponential function of time. It seems probable that the val- 
ues computed from data of Hevesy and Ottesen (15) and from 
the data pertaining to liver published by Stevens et al. (16) 
differ from our values because the time intervals studied by 
both groups of investigators were short in comparison with the 
life span of the cells involved. 

A comparison of our values for relative rates of isotope in- 
corporation into DNA of various organs with similar values 
of other investigators reveals a reasonably good agreement in 
all instances. The data examined in this context include those 
of Hevesy and Ottesen (15) with the use of P®O, in rats, Payne 
et al. (18, 19) with the use of formate-C"™ in mice, and Smellie 
et al. (20, 21) with the use of adenine-8-C™, formate-C™, gly- 
cine-2-C, and PQ, in rabbits. 

Relative rates of replacement of DNA and RNA have been 
computed from our data on hepatic and intestinal DNA with 
our previously obtained values for replacement time of RNA‘ 
for these organs, namely, 8 days for hepatic and 4 days for 
intestinal RNA, respectively. The values for RNA were ob- 
tained from experiments in which uniformly labeled glucose- 
C' was used as the precursor of the ribosyl moiety of RNA. 
The ratio of the replacement rates of RNA to DNA was found 
to be 2.5 for liver and approximately 1.5 for intestine. 


3 The replacement times computed from the data of Hevesy and 
Ottesen (15) are as follows: liver, 100 days; kidney, 150 days; 
muscle, 51 days. The replacement times computed from the av- 
eraged data of Bendich et al. (17) are as follows: liver, 25 days; 
kidney, 50 days; spleen, 10 days; intestine, 5 days. The replace- 
ment times computed from the data of Stephens et al. (16) are as 
follows: liver, 140 days; intestine, 1.5 days. 

*G. Gerber, K. I. Altman, and L. H. Hempelmann, submitted 
for publication in J. Biol. Chem. 
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Relative rates of incorporation into hepatic DNA and RNA 
have been reported by various investigators (1, 2): approxi- 
mately 30 (P#O,), approximately 30 (adenine-C™% or N?5), ap- 
proximately 60 (orotic acid), approximately 5 (formate-C"‘), 
and approximately 3 (glycine-C“). Two different classes of pre- 
cursors may be recognized on the basis of the ratios cited 
above. Thymidine behaves like formate and glycine. 

An attempt was made to correlate the mitotic activity with 
computed replacement times of DNA as has been tried by other 
investigators (22-24). Because of the lack of suitable infor- 
mation for all the organs studied here, the correlations made 
are limited to intestine. The cellular renewal time of 1.5 days 
(25) is in good agreement with our computed replacement time 
for the fast component of intestinal DNA (1.7 days), indicat- 
ing no metabolic turnover of the DNA. 

Indirect values for mitotic activity based on increase of liver 
weight have been published (22). The actual measured values 
for the index and time of mitosis, however, vary greatly, but 
tend to give a replacement time longer than that obtained by 
our method. Since no data about possible amitotic activity 
are available, it does not seem meaningful to compare replace- 
ment time in the liver obtained by our method and the rate 
of cell division. 

Leblond et al. (26) have also studied the labeling of cell nu- 
clei with thymidine-H* by means of radioautography. Since 
they determined the number of cells labeled and since nuclei 
are known to retain their label longer than one mitotic cycle, 
their data cannot be evaluated in terms of replacement of DNA 
molecules. 

Finally, consideration must be given to the possibility that 
the present experiments are complicated by localized, intranu- 
clear #-irradiation from H*. However, a calculation of the 
integrated tissue dose is subject to so many uncertainties that 
the computation is valueless. Radiation effects on chromosomes 
have been reported when large doses of thymidine-H’ or -C 
were used (27, 28). However, it is unlikely that radiation ef- 
fects influenced the results of our experiments since none of 
the expected pathological sequelae could be observed in lymph- 
oid tissues in the present experiments. 


. SUMMARY 


Thymidine-H* was used in the assessment of the replace- 
ment time of deoxyribonucleic acid in different organs of the 
rat. The replacement times are computed both from the rate 
of replacement of thymidine-H* as well as from relative rate 
of incorporation of thymidine-H* into deoxyribonucleic acid. 

The specific activity-time curves indicate the existence of 
two components with different replacement times for deoxy- 
ribonucleic acid in intestine, spleen, and thymus. The follow- 
ing values are found for the component with a rapid replace- 
ment time: liver, 20 days; intestine, 1.7 days; spleen, 4 days; 
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muscle, 25 days; testes, 60 days; thymus, 2.5 days; kidney, 
55 days. The values for the slow component are as follows: 
intestine, 30 days; spleen, 40 days; and thymus, 70 days. 

The relative rates of incorporation into deoxyribonucleic acid 
are inversely proportional to the replacement times obtained 
by the “replacement” method except in the case of testes and 
kidney. 
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Radioactive precursors are not incorporated into deoxyribo- 
nucleic acid in vivo until 18 hours after partial hepatectomy (1, 2). 
This lag period may represent the time required for the synthesis 
of some specific protein which enables DNA synthesis to occur 
(3). It is known that inhibitors of protein synthesis will inhibit 
the synthesis of bacteriophage DNA if they are added before 
DNA synthesis begins (4-8). It is therefore of interest to de- 
termine whether inhibitors of protein synthesis injected into rats 
during the first 18 hours after partial hepatectomy will inhibit 
DNA synthesis. 

Use of thymidine as a specific precursor of DNA is well es- 
tablished (3, 9-17). It is a particularly good precursor since, 
aside from phosphorylated derivatives and degradation products, 
it is incorporated specifically into DNA with negligible diversion 
of the radioactivity into RNA (9, 10, 12). This high degree of 
specificity has been extremely useful in studies of the organiza- 
tion and duplication of chromosomes (14) where tritium-labeled 
thymidine is incorporated only into the new DNA formed during 
chromosome division and not into DNA already present. In 
addition, in regenerating rat liver homogenates, tritium-labeled 
thymidine is incorporated into deoxypolynucleotide in diester 
linkages which are indistinguishable from the linkages of non- 
radioactive thymidine in natural DNA (15). All these findings 
suggest that thymidine incorporation into regenerating rat liver 
DNA in vivo may be used to measure the rate of DNA synthesis. 

It is shown in this paper that ethionine and p-fluorophenyl- 
alanine and 8-2-thienylalanine hydrochloride strongly inhibit the 
incorporation of thymidine into DNA in vwo. Under certain 
conditions, chloramphenicol also inhibits incorporation. 


EXPERIMENTAL 


Methods 


Male rats were supplied by Tierzuchterei Brunger (Halle, 
Westfalen, Germany). They were allowed to feed ad libitum on 
barley and a synthetic mixture of ground whole wheat, powdered 
skim milk, yeast, cod liver oil, olive oil, sugar, and calcium and 
phosphate salts. In addition, they were supplied daily with 
fresh leafy vegetables. After at least 1 week on this diet three 
lobes of the liver were removed by partial hepatectomy (18). 
After the operation, the rats were given only water until the 
time of sacrifice. The time schedule for injection of inhibitors 
and tritium-labeled thymidine is given in the legend for Table I. 


* This work was supported by grants from the National Science 
Foundation (G-5178) and the Anna Fuller Fund. 


After preparing a 20% homogenate of each excised rat liver in 
0.25 m sucrose, three separate 4-ml aliquots were centrifuged at 
600 X g for 10 minutes to remove the cytoplasm which contains 
no DNA. Acid-soluble compounds (including radioactive thy- 
midine and its phosphorylated derivatives) were removed from 
each nuclear pellet by washing twice with 0.3 Nn perchloric acid. 
Each acid-washed pellet was suspended in 4 ml of 10% NaCl 
containing phenol red, and this suspension was neutralized to a 
point slightly on the alkaline side of the phenol red end point with 
NaOH. From the beginning of the procedure until the neutrali- 
zation, the tubes were kept in an ice bath or a refrigerated 
centrifuge. The nucleic acids were extracted by heating the 
neutral 10% sodium chloride suspension 25 minutes in a boiling 
water bath. The supernatant, after centrifugation, was added 
to 1.5 to 2 volumes of 95% ethanol, and the sodium nucleates 
were allowed to precipitate overnight. After extracting the 
precipitate once with 3:1 alcohol-ether at 50° for 5 minutes, the 
RNA was hydrolyzed by heating the precipitate with 3 ml of 
0.1 n NaOH at 80° for 15 minutes. The solution was then chilled 
and DNA was precipitated by the addition of 0.67 ml of 1 N 
HCl (final concentration, 0.1 N HCl). The DNA pellet was 
washed with 95% ethanol in the cold, and then dissolved in 1 ml 
of 0.1 n NH,OH. One 0.4-ml aliquot of this solution was used 
for DNA determination by the diphenylamine reaction (19) and 
another aliquot, 0.5-ml, was plated on an aluminum disk. 
After drying, the plated sample was counted at least twice (usu- 
ally on 2 separate days) in an internal gas flow counter. The 
difference between duplicate counts on the same plate was usu- 
ally less than 5%. 


RESULTS 


Table I shows the specific activity of regenerating rat liver 
DNA after the injection of thymidine into rats which had been 
injected with 0.9% sodium chloride solution or analogues of 
amino acids. Three normal nonhepatectomized rats injected 
with NaCl solution and tritium-labeled thymidine under identi- 
cal conditions, had specific activities of 96, 63, and 90 c.p.m. 
per mg of DNA, 4 hours after the thymidine injection. 

The large variation from animal to animal, both in control and 
experimental groups of Table I, is probably a function of the 
success of the partial hepatectomy as well as the unavoidable 
necessity of working with rats of different ages and weights. In 
addition, errors in the intraperitoneal injection of thymidine or 
the test compound may account for the very low value observed 
in one animal injected with NaCl solution and in one animal in- 
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TABLE 


Effect of amino acid analogues on the incorporation of 
thymidine into regenerating rat liver DNA 


Male rats (185 to 336 g) were injected intraperitoneally with 0 
to 14 ml of 0.9% NaCl solution or with the compound to be tested 
9.5 to 10.5 hours after partial hepatectomy. At 21.5 to 22.5 hours 
after the operation they were injected intraperitoneally with 0.5 
ml of water containing 10 we of tritium-labeled thymidine (ob- 
tained from the Schwarz Laboratories, Mount Vernon, New York; 
S.A., 0.360 me per mmole). Exactly 2 hours after the thymidine 
injection (24 hours after operation) each rat was killed and the 
specific activity of DNA in the regenerating liver was determined 
as outlined in ‘‘Experimental.’’ 

Ethionine ‘‘hydrochloride’’ (4 of the inhibitor present as the 
hydrochloride) and methionine hydrochloride were prepared by 
dissolving 3 g of pt-ethionine (Sigma Chemical Company) or DL- 
methionine (Eastman, Organic Chemical Dept.) in 54 ml of NaCl 
solution and 6 ml of 1 N HCl, and heating. After cooling to less 
than 40°, this solution or dilutions of it were injected intraperi- 
toneally at the dosage (mg per g body weight) indicated. Other 
injected solutions contained the following: (a) 1 g of pL-ethionine 
or pDL-methionine (Eastman Organic Chemicals) homogenized in 
20 ml of NaCl solution, (6) 50 mg of methionine sulfoxide or methi- 
onine sulfone (Nutritional Biochemicals Corporation) per ml of 
NaCl solution; (c) 423 mg of p-fluorophenylalanine (Sigma Chemi- 
cal Company, and California Foundation for Biochemical Re- 
search) suspended with homogenization in 17 ml of NaCl solution. 
A 1:5 dilution of this suspension was used for dosages of 0.1 mg 
per g body weight or less; (d) 300 mg of 8-2-thienylalanine (Nu- 
tritional Biochemicals Corp.) homogenized in 10 ml of isotonic 
saline; and (e) 300 mg of 8-2-thienylalanine (1.75 meq) and 0.6 
meq HCl dissolved (with heating) in 12 ml of NaCl solution. 


c.p.m./mg DNA 
Me. of Minimum 
Compound injected Dosage® 
Range | 

NaCl solution 0-14 ml 12 | 2700—9620° 5220 0 

Ethionine ‘‘hydro- 0.010 1 3460 0 

chloride’”’ 0.033 2 930-1770 |1350; 50 

0.066 1 580; 79 

0.10 4 330-1770 | 910; 66 

0.25 1 204; 92 

0.33 2 105-200 | 153) 94 

0.50 4 28-160 77; 97 

0.66 2 32-101 67, 98 

0.75 2 56-56 56) 98 

1.00 4 29-87 56, 98 

1.30 1 3} 100 

Ethionine (neutral 0.066 2 1750-704 (1260 53 

suspension) 0.1 2 260-915 | 590! 78 

0.3 2 35-177 | 106) 96 

0.5 2 56-87 72, 97 

1.0 2 52-157 | 105) 96 

Methionine (neutral 1.0 7 ¢ 5590 0 
suspension) 

Methionine ‘‘hydro- 0.5 2 | 2170-5450 (3810 0 

chloride’’ 1.0 4 d 

Methionine sulfoxide 0.5 2 | 4140-5080 4610 0 
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TABLE I—Continued 


c.p.m./mg DNA 
Compound injected Dosage | No. of 
Range — inhibition 
Methionine sulfone 0.5 2 | 3330-4800 |4070 0 
p-Fluorophenylala- 0.033 1 2400; 11 
nine 0.066 1 1505} 44 
0.1 1 264; 90 
0.3 1 208; 92 
0.5 2 116-151 | 134) 95 
B-2-Thienylalanine 0.033 1 8500 0 
0.066 1 3850 0 
0.1 2 | 6810-7300 |7050 0 
0.3 3 e 4220 0 
8-2-Thienylalanine 0.5 2 32-167 | 100, 97 
‘‘thydrochloride’”’ 


* Dosage is given as mg per g body weight except for NaCl solu- 
tion injections. 

> One rat with a specific activity of 575 was considered to be an 
error in thymidine injection and was not included. The value of 
2700 has been used in calculating the minimum % inhibition. 

¢ Values ranged from 1400 and 2510 for two rats to 4760 and 9680 
for 5 rats. 

4 Values were 261, 266, 650, and 1660 c.p.m. per mg DNA. 

¢ Values were 548, 4390, and 7690 c.p.m. per mg DNA. 


jected with 6-2-thienylalanine. Errors in DNA isolation are 
probably not responsible for any of the variation, since the results 
of triplicate independent analyses of each homogenate usually 
agreed within + 7% of the average. 

Because of the insolubility of ethionine in saline, sufficient 
HCI was added to convert 4 of the ethionine to ethionine hydro- 
chloride. Injecting 1 mg of ethionine hydrochloride per g body 
weight in a 250-g rat would thus involve the injection of approxi- 
mately 0.5 meq of HCl buffered by 1.5 meq of ethionine.! 

It may be seen that all dosages of ethionine hydrochloride 
above 0.033 mg per g body weight produced a significant inhibi- 
tion. The minimal inhibition at levels of ethionine hydrochloride 
above 0.25 mg per g was more than 90% when compared with 
saline-injected controls. It might also be mentioned that a 
minimal inhibition of at least 90% was obtained when 0.75 mg 
of ethionine hydrochloride per g body weight of rat was injected 
at any time ranging from 3 to 22 hours after partial hepatectomy. 
The 11 rats used in this experiment were injected with thymidine 
22 hours after the operation and killed exactly 2 hours later as 
usual. 

The possibility that the inhibition observed with ethionine 
hydrochloride might be due to the use of HCl to dissolve the 


ethionine was tested by injecting a solution of methionine hy- 


drochloride which had been prepared in the same way as the 
solutions of ethionine hydrochloride. It may be seen in Table I 
that two rats injected with 0.5 mg of methionine hydrochloride 
per g body weight had liver DNA with specific activities of 2170 


1 All inhibitors injected as the hydrochlorides in these experi- 
ments were converted to the ‘‘hydrochloride’’ form by the addition 
of 4 equivalent of HCl per equivalent of inhibitor in a similar 
fashion. 
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and 5450 c.p.m. per mg of DNA, respectively. Although one 
of these values is lower than the minimal value observed for con- 
trols, both values are very high when compared to values ob- 
tained with inhibitors. For example, ethionine hydrochloride at 
the same dosage level produced DNA with a specific activity 
ranging from 28 to 160 c.p.m. per mg of DNA. This is an indi- 
cation that the hydrochloric acid used to convert 4 of an inhibitor 
to the hydrochloride probably has only a slight effect in increas- 
ing the inhibition at levels of 0.5 mg of inhibitor per g body 
weight. 

When methionine hydrochloride was injected at a level of 1 
mg per g body weight, marked inhibition of thymidine incorpora- 
tion was observed. This inhibition may be related to the inhib- 
itory effect of methionine on rat growth when fed in large 
amounts (20-22). However, neutral suspensions of methionine 
at a level of 1 mg per g body weight produced no significant in- 
hibition. It remains to be determined whether this difference 
between neutral suspensions and solutions of methionine hydro- 
chloride is due to differences in the rate at which methionine is 
absorbed or to the effect of the higher amount of hydrochloric 
acid injected. 

Neutral suspensions of ethionine gave marked but variable 
inhibition at all levels above 0.066 mg per g body weight. 
The extent of the inhibition appeared to be about the same as 
when solutions of ethionine in dilute HCl were injected. For 
example, the minimal inhibition at levels of 0.1 mg per g body 
weight was 66% for the ethionine hydrochloride and 78% for 
two rats injected with the ethionine suspension. Similarly, at a 
level of 0.83 mg per g body weight the minimal inhibition was 
above 94% in both cases. 

Two analogues of methionine other than ethionine were also 
tested. It may be seen that the specific activity of DNA after 
injection of either methionine sulfoxide or methionine sulfone 
was well above the minimal value observed for saline-injected 
controls. Although methionine sulfoxide is known to be an an- 
tagonist of glutamic acid in bacteria (23-25) it has not been 
shown to inhibit protein synthesis in mammalian tissue. When 
injected into rats it may be reduced to methionine and used as 
such (26, 27). Little is known about the metabolism and ac- 
tivity of methionine sulfone in mammalian tissues except that it 
is rapidly excreted in the urine after intraperitoneal injection 
(28). This rapid excretion may account for the failure of the 
sulfone to inhibit thymidine incorporation 12 to 14 hours after 
the methionine sulfone was injected. The sulfone is not used 
by bacteria (29-31) and it inhibits the utilization of methionine 
by Lactobacillus arabinosus (32). 

The results obtained when rats were injected with saline sus- 
pensions of p-fluorophenylalanine and 6-2-thienylalanine are also 
presented in Table I. It may be seen that p-fluorophenylalanine 
is a powerful inhibitor of the incorporation of thymidine into 
DNA. On the other hand, a neutral suspension of 8-2-thieny]l- 
alanine failed to give any inhibition except in one rat (possibly 
an error in the intraperitoneal injection). When 3 of a solution 


of 8-2-thienylalanine was partially converted to the hydrochloride 
and injected into two rats at a level of 0.5 mg per g body weight, 
4 98% inhibition was observed. As noted earlier, injection of 
methionine which had been partially converted to the hydro- 
chloride in the same manner resulted in only slight inhibition of 
thymidine incorporation at the same dosage level. These facts 
indicate that failure to absorb undissolved 6-2-thienylalanine 
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may be responsible for the failure to observe inhibition when 
neutral suspensions are injected. 

Allyl glycine at dosages of 0.5 mg per g body weight caused 
convulsions and death within 1.5 hours after injection in two 
rats. At a dosage of 0.2 mg per g rat, one rat had mild convul- 
sions and died within 2 hours. The other died within 10 hours. 
This compound appeared to be so toxic to the animal as a whole 
that examination of lower dosages for a specific effect on the 
incorporation of thymidine was not undertaken. No previous 
reports of the activity of allyl glycine in producing convulsions 
could be found after an extensive search of the literature. Ally] 
glycine does inhibit the growth of Escherichia coli and Saccharo- 
myces cerevisiae (33). 

The effect of chloramphenicol on thymidine incorporation has 
also been tested. Four rats (273 to 300 g) injected with un- 
warmed suspensions of chloramphenicol (0.3 to 0.5 mg per g 
body weight) incorporated thymidine into DNA at the same rate 
as control rats injected with NaCl solution. However, when 
the solution was heated in an attempt to dissolve the slightly 
soluble chloramphenicol (and cooled to less than 40° before in- 
jection) a minimal inhibition ranging from 25 to 90% (3 rats) 
and from 90 to 96% (3 rats) was obtained. Failure to observe 
inhibition in the first four rats may have been due to the lack of 
absorption of the undissolved compound. The extent of inhi- 
bition observed when heated solutions were injected may be re- 
lated to the amount of chloramphenicol dissolved before injection. 
From these preliminary experiments, it can be stated that chlor- 
amphenicol that has been partly dissolved in saline by warming 
does inhibit the incorporation of thymidine into DNA in vivo. 
However, a closer correlation of inhibition with dosage and with 
treatment of the solution before injection cannot be made at the 
present time. 


DISCUSSION 


Ethionine is known to be a potent inhibitor of the synthesis 
of at least 7 enzymes (34 and references cited). In addition, 
p-fluorophenylalanine and §-2-thienylalanine inhibit the syn- 
thesis of proteins and are antagonists of phenylalanine in different 
systems (35-40). Chloramphenicol also inhibits protein syn- 
thesis (41-48), although it does not appear to be a simple 
antagonist of any naturally occurring amino acid (49-50). 

The inhibition of thymidine incorporation by amino acid ana- 
logues suggests that these compounds may be inhibiting the 
synthesis of some specific protein required for DNA synthesis. 
However, the results presented here in no way rule out other 
possible explanations. For example, in the case of ethionine, 
the inhibition might be due directly to antagonistic effects of 
S-adenosylethionine (and derived S-adenosyl compounds) syn- 
thesized from ATP and ethionine (51). If a large part of the 
injected ethionine did react with ATP in this way, the resulting 
decrease in ATP might contribute to inhibition of thymidine 
incorporation. A similar reaction between methionine and ATP 
with the formation of S-adenosylmethionine (52 and references 
cited) might explain why methionine also produced inhibition in 
some cases. 

If the amino acid analogues used in these experiments are in- 
hibiting the synthesis of enzymes required for the incorporation 
of thymidine into DNA, then the nature of the enzymes involved 
must be examined. The fact that specific activities of less than 
100 c.p.m. per mg of DNA are obtained with normal, nonhepa- 
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tectomized rat livers as compared with specific activities of 2700 
to 9620 for 24-hour regenerating livers, proves that the enzymes 
responsible for the incorporation observed increase at least 27- 
fold in activity and/or amount during regeneration. It is un- 
likely that some unknown exchange mechanism permits thy- 
midine to be incorporated into DNA without concomitant 
synthesis of DNA in regenerating liver but not in normal liver. 
Instead, the enzymes that incorporate thymidine in the present 
experiments in vivo are probably identical with the enzymes al- 
ready known to be involved in the incorporation of thymidine in 
vitro (15 and references cited). The fact that the activity and/or 
amount of enzymes for phosphorylation of thymidine and for 
polymerization of deoxynucleotides increase during liver regen- 
eration (3) strengthens this view. 

It must be emphasized that no evidence is provided by the data 
in this paper either as to the nature of the inhibition or the type 
of enzymes involved. The mechanism whereby amino acid ana- 
logues inhibit the incorporation of thymidine into DNA must be 
clarified by further experiments. 


SUMMARY 


Ethionine and p-fluorophenylalanine, when injected intra- 
peritoneally at a level of 0.3 to 0.5 mg per g body weight, inhibit 
the uptake of tritium-labeled thymidine into deoxyribonucleic 
acid of regenerating rat liver to a minimal extent of 92%. In- 
hibition has also been observed with 8-2-thienylalanine hydro- 
chloride, chloramphenicol, ethionine hydrochloride and high 
levels of methionine hydrochloride. Incorporation is not in- 
hibited by neutral suspensions of methionine, methionine sulfone, 
methionine sulfoxide, or 8-2-thienylalanine. 

Solutions of allyl glycine injected intraperitoneally at levels of 
0.2 to 0.5 mg per g body weight produce convulsions and death 


shortly after injection. 


Acknowledgments—The generous gifts of chloramphenicol from 
Dr. L. M. Long of the Parke Davis Company, Detroit, and of 
aluminum planchets from Dr. C. Heidelberger of McArdle Me- 
morial Laboratory are gratefully acknowledged. We are also 
thankful for the help of Mr. Antranik Shaninian and Mr. Krikor 
Kherlopian in counting the samples and helping with the calcula- 
tions. 


REFERENCES 

1. Hecut, L. I., anp Potter, V. R., Cancer Research, 16, 988 
(1956). 

2. Hecut, L. I., anp Potter, V. R., Cancer Research, 18, 186 
(1958). 

3. Boutium, F. J., anp Potter, V. R., Cancer Research, 19, 561 
(1959). 

4. Burton, K., Biochem. J., 61, 473 (1955). 

5. Rosensaum, M., Hatvorson, H., Preston, W.S., LEVIN- 
THAL, C., J. Bacteriol., 69, 228 (1955). 

6. Tomizawa, J., AND Sunakawa, S., J. Gen. Physiol., 39, 533 
(1956). 

7. Crawrorp, L. U., Biochim. et Biophys. Acta, 28, 208 (1958). 

8. ASTRACHAN, L., AND VOLKIN, E., Biochim. et Biophys. Acta, 
$2, 449 (1959). 

9. RetcHarp, P., anp Estsorn, B., J. Biol. Chem., 188, 839 
(1951). 

10. Frrepxin, M., D., anp Roserts, D., J. Biol. Chem., 
220, 627 (1956). 

11. Frrepxin, M., ano Woop, H., IV., J. Biol. Chem., 220, 639 


(1956). 


Inhibitors of DNA Synthesis 


12. 
13. 
14. 
15. 
16. 


. Van LANnKER, J. L., Biochim. et Biophys. Acta, 33, 587 (1959). 
. Hiacens, G. M., anp ANDERSON, R. M., Arch. Path., 12, 186 


NS BRR RY 


Vol. 235, No. 5 


Downina, M., anp ScHwEIGERT, B. S., J. Biol. Chem., 220, 
521 (1956). 

Kornsera, A., Leuman, I. R., Bessman, M. J., Simms, 
E. S., Biochim. et Biophys. Acta, 21, 197 (1956). 

TayLor, J. H., Woops, P. S., ann Huaugs, W. L., Proc. Nat’l. 
Acad. Sci. U. S., 48, 122 (1957). 

Bouuvuom, F. J., anp Potter, V. R., J. Biol. Chem., 233, 478 
(1958). 

SMELLIE, R. M. S., Kerr, H. M., anp Davipson, J. N., Bio- 
chim. et Biophys. Acta, 35, 389 (1959). 


(1931). 


. DiscuE, Z., Mikrochemie, 8, 4 (1930). 
. GeorGE, M. J., anp CELANDER, D. R., Federation Proc., 18, 


234 (1959). 


. CouEn, H. P., Cuortz, H. C., ano Bera, C. P., J. Nutrition, 


64, 555 (1958). 


. VAN Pitsum, J. F., anp Bera, C. P., J. Biol. Chem., 188, 279 


(1950). 


. Borex, E., H. K., SHeiness, P., H., 


J. Biol. Chem., 163, 347 (1946). 
Borex, E., anD WAELScH, H., Arch. Biochem., 14, 143 (1947). 


. Evurot, W. H., Gatg, E. F., Nature, 161, 129 (1948). 
. SourKEs, T. L., anD TRANO, Y., Arch. Biochem. Biophys., 42, 


321 (1953). 


. STEKOL, J. A., in W. D. McELrRoy anp H. B. Guass (Editors), 


A symposium on amino acid metabolism, Johns Hopkins 
Press, Baltimore, 1955, p. 534. 


. Winco, W. J., Smit, R. A., Woon, J., Arch. Biochem. 


Biophys., 47, 307 (1953). 


. PoLtonovsk1, M., anp Levy, G., Bull. soc. chim. biol., 36, 955 


(1954). 


. Gersuorr, S. N., Proc. Soc. Exp. Biol. Med., 87, 85 (1954). 
. SHOCKMAN, G. D., AND TOENNIES, G., Arch. Biochem. Biophys., 


50, 1 (1954). 


. CaMIEN, M. N., ano Dunn, M. S., J. Biol. Chem., 187, 365 


(1950). 


. Ditrmer, K., Gorerine, H. L., Goopman, I., AND CrIsTOL, S. 


J., J. Am. Chem. Soc., 70, 2499 (1948). 


. FARBER, E., anp CorsBan, M. S., J. Biol. Chem., 288, 625 


(1958). 


. Meister, A., Biochemistry of amino acids, Academic Press, 


Inc., New York, 1957, p. 115. 


. Saive, W., aND SKINNER, C. G., Ann. Rev. Biochem., 27, 654 


(1958). 


. Dunn, F. W., J. Biol. Chem., 233, 411 (1958). 
. Baker, R. S., Jonnson, J. E., anp Fox, S. W., Biochim. et 


Biophys. Acta, 28, 318 (1958). 


. Munro, H. N., anp Cuiark, C. M., Biochim. et Biophys. Acta, 


27, 648 (1958). 


. Munier, R., anp CoHEen, G. N., Biochim. et Biophys. Acta, 


31, 390 (1959). 


. PaRDEE, A. B., AND PreEsTIDGE, L. S., J. Bacteriol., 71, 677 


(1956). 


. Hawn, F. E., ano Wisseman, C. L., Proc. Soc. Expil. Biol. 


Med., 76, 533 (1951). 
GaLE, E. F., J. P., Biochem. J., 68, 493 (1953). 


. LePage, G. A., Proc. Soc. Exptl. Biol. Med., 83, 724 (1953). 
. WissEMAN, C. L., SMADEL, J. E., Hawn, F. E., anp Hopps, 


H. E., J. Bacteriol., 67, 662 (1954). 


. Ycas, M., aNnD BRAWERMAN, G., Arch. Biochem. Biophys., 68, 


118 (1957). 


. Straus, F. B., anno ULuMaANN, A., Biochim. et Biophys. Acta, 


23, 665 (1957). 


. BREITMAN, T. R., anp WessTER, G. C., Biochim. et Biophys. 


Acta, 27, 408 (1958). 


. Woo.LLeEy, D. W., J. Biol. Chem., 185, 293 (1950). 
. Hopps, H. E., Wisseman, C. L., Jr., Hann, F. E., SMADEL, 


J. E., Ho, R., J. Bacteriol., 72, 561 (1956). 


. SteKo., J. A., We1ss, S., ANDERSON, E. I., anp ToporeEkK, M., 


Abstr. meeting of Am. Chem. Soc., September, 1957, p. 57C. 


. STEKOL, J. A., ANDERSON, E. I., aNp WErtss, S., J. Biol. Chem., 


233, 425 (1959). 


THE 


the are 
(to alle 


* Sup 
Health 
Mission 


17 
18 
19 
20 
Int 
OXyTl 
scribe 
(2), 
repor 
5-brot 
tensi\ 
| six 
iodode 
| 
33 
34 Cell 
of the 
35 | ated 
cultur 
37 mediu 
requiri 
39 wore t 
4.0 for th 
For g 
| | and 
Petri 
|... 
45 crease 
tures e 
the 7-¢ 
47 | plica 
In cl 
48 | 10? cel 
49 face of 
50 
5) 
52 


Tue JOURNAL OF BioLoGicaL CHEMISTRY 
Vol. 235, No. 5, May 1960 
Printed in U.S.A. 


Introduction of the 5-Halogenated Uracil Moiety into 
Deoxyribonucleic Acid of Mammalian 


Cells in Culture* 


L. M. A. Ricu, anp M. L. 


From the Division of Biophysics, Sloan-Kettering Institute for Cancer Research, New York, New York 


(Received for publication, September 1, 1959) 


Introduction of the 5-halogenated uracil moiety into the de- 
oxyribonucleic acid of several bacterial strains has been de- 
scribed by Weygand and Wacker (1), Zamenhof and Griboff 
(2), and Dunn and Smith (8). A corresponding introduction 
into the deoxyribonucleic acid of mammalian cells was recently 
reported by Eidinoff et al. (4, 5, 6) and by Prusoff (7) when 
5-bromodeoxyuridine or 5-iododeoxyuridine was supplied in 
vitro or tn vivo. The studies reported below demonstrate ey- 
tensive introduction of the unnatural base into the DNA of 
six mammalian cell strains when 5-bromodeoxyuridine or 5- 
jododeoxyuridine is added to the normal culture medium. 
Growth inhibition by these compounds of H.Ep. No. 1 cells, 
a strain derived from a human cervical carcinoma (8), has also 
been studied. 


EXPERIMENTAL 


Cell Culture—The growth inhibition studies as well as most 
of the experiments dealing with introduction of the 5-halogen- 
ated uracil moiety into DNA utilized H.Ep. No. 1 cells. Stock 
cultures were maintained on glass in Eagle’s medium supple- 
mented with 10% horse serum and referred to here as normal 
medium (9). Cells were treated with 0.05% trypsin and trans- 
ferred to Blake bottles (surface area 275 cm?) in the experiments 
requiring DNA base analysis. The appropriate compounds 
were then added to the medium and incubation was continued 
for three days at 37° (unless otherwise noted in the Tables). 
For growth experiments based on net protein synthesis (Figs. 
l and 2) the cells were transferred and subcultured on 60-mm 
Petri plates following general procedures previously outlined (9). 
The medium was replenished and compounds were added after 
24 and 96 hours. The experiments were terminated after 7 
days when cellular growth was measured as net protein in- 
crease by the method of Oyama and Eagle (10). Control cul- 
tures exhibited a 10- to 12-fold increase in total protein during 
the 7-day incubation period. Experiments were carried out in 
triplicate. 

In clonal growth rate experiments (Fig. 3) approximately 5 x 
10° cells were plated in 60-mm Petri plates. The outer sur- 
face of these plates was engraved with a grid which divided 
the area into numbered 3 X 3 mm squares. After 24 hours 
(to allow the cells to attach to glass) 5-bromodeoxyuridine or 


* Supported by research grants from the National Institutes of 
Health (CY3328 and C3811) and the U. S. Atomic Energy Com- 
mission (AT-(30-1)-910). 


5-iododeoxyuridine were added to normal medium at a con- 
centration of 25 wg per ml. Using an inverted microscope at 
a magnification of 35x and the grid parameters engraved on 
the plates, the location of specific colonies of 1 to 2 cells was 
recorded. The number of cells in each colony was recorded 
at 24 hours and at daily intervals thereafter during the 6-day 
incubation period. Medium and compounds were replenished 
after 3 days incubation. 

Solvent Systems Used in Paper Chromatography (All ratios re- 
fer to volumes)—(I) Isopropanol:cone. HCl:H:O (130:33.2: 
36.8) (11). (II) n-Butanol:conc. ammonia:H,0 (172:8:20) 
(11). (III) Isobutyric acid: conc. ammonia: H,0 (66:1:33) (12). 
(IV) Ethy] acetate saturated with 0.05 m phosphate buffer, pH 
6 (13). (V) Isopropanol: HzO (70:30), ammonia in vapor phase 
(14). (VI) n-Butanol:H,O (86:14), ammonia in vapor phase 
(15). (VII) H,O adjusted to pH 10 with n NH,OH (16). 
(VIII) n-Butanol saturated with water (16). (IX) Ethyl ace- 
tate:acetic acid: H,O (12:1:7) (upper layer). (X) n-Butanol: 
acetic acid: water (5:2:3) (17). 

Analysis of Nucleic Acid Bases—The procedures have been 
described previously (9). The free bases were separated by 
two dimensional paper chromatography. Concentrations were 
calculated from absorbancies at the absorption maxima in 0.01 
N HCl using an appropriate blank based on elution of a con- 
trol strip of paper. Ribonucleotides derived from alkaline hy- 
drolysis of RNA (Table I, Experiments 3 and 4) were separated 
by two dimensional paper chromatography, following adjust- 
ment to pH 2 to 3 with dilute perchloric acid, in the following 
order: Solvent I descending overnight, neutralization in am- 
monia atmosphere, and Solvent III ascending for 60 hours. 
The absence of contamination of the DNA extract with ribo- 
nucleic acid or its degradation products was demonstrated by 
analysis of cells grown in normal medium (Table I). Uracil 
was not detected in the paper chromatogram following hydroly- 
sis of the DNA to purine and pyrimidine bases. 

Radiocarbon activity was determined with the use of a flow 
gas counter (9). A well-type crystal scintillation counter was 
used for radioiodine (I). The counting of paper strips was 
carried out using a specially designed crystal scintillation coun- 
ter connected with a recording ratemeter. Aqueous solutions 
of purines and pyrimidines labeled with tritium (Experiment 
3, Table 1) were first evaporated to dryness. The residue was 
dissolved in 1 ml of methanol plus 19 ml of toluene containing 
appropriate phosphor and Hyamine 10X (Rohm and Haas Com- 


1441 


20, 
MS, 
478 
io. 
9). 
186 
18, 
279 
H., 
7). | 
42, 
8), 
ins 
959 
8., 
365 
S. 
525 
8s, 
et 
ta, 
577 
‘ol. | 
Ps, 
68, 
ta, 
ys. 
EL, 


1442 


100 % 
@EXP. 1 


OEXP 2 
r OEXP. 3 


i i i aes i 


O 


PER CENT INHIBITION 


O 


Introduction of 5-Halogenated Uracil Moiety into DNA 


Vol. 235, No. 5 


0.1 05 10 


5.0 10.0 SO 100 
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Fic. 1. Growth inhibition of H.Ep. No. 1 cells by 5-bromodeoxyuridine. 


Growth in control plates (normal medium only) for 7-day 


period was taken as 100%, with protein values at 24 hours representing the base line. 
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Fic. 2. Growth inhibition of H.Ep. No. 1 cells by 5-iododeoxyuridine. 


pany) (18) and counted using a Packard Tri-Carb liquid scin- 
tillation spectrometer. In the synthesis and purification of 
compounds labeled with tritium, dilute solutions were evapo- 
rated to dryness on aluminum planchets and a flow gas counter 
was used under conditions applying to an infinitely thin solid 
(19). The counting efficiency in this case was approximately 
six times greater than that for the liquid scintillation spec- 
trometer. 

Synthesis of 5-lododeoxyuridine—The method of Prusoff et al. 
for the synthesis of 5-iodouridine was followed with slight modi- 
fications and using deoxyuridine as starting substance (20). 
The product obtained after refluxing was allowed to cool at 
room temperature overnight and the resulting crystals were 
washed with chloroform and were then air dried (yield 70%). 
The product was recrystallized using Norit A to remove colored 
products. 


Caleulated: C 30.51, H 3.11, N 7.91, 1 35.88 
Found C 30.69, H 3.25, N 8.29 1 34.26 


Calculations similar to those stated in legend to Fig. 1. 


(Analysis by Spang Microanalytical Laboratory). Decomposi- 
tion occurred at 190 to 195°. The ultraviolet absorption re- 
sults were in good agreement with the data of Prusoff (21). 
The molar ratio of deoxyribose to product was unity. After 
hydrolysis in 12 nN perchloric acid at 100° for one hour, uracil 
was the principal product as had been previously observed in 
the case of 5-iodouridine (20). 5-lododeoxyuridine labeled with 
[I}3! was prepared using iodide-I in a similar manner and using 
proportionally smaller volumes and weights in a 5-ml round 
bottom flask. The top of the double-jacketed condenser was 
connected to traps containing carbon tetrachloride and _ acti- 
vated charcoal. 

Synthesis of 5-Bromodeoxryuridine-2-C'—The initial step was 
the synthesis of 5-bromouracil-2-C™ by bromination of uracil- 
2-C™ (1.52 we per umole; California Corporation for Biochemi- 
cal Research) and purification using a Dowex 1 column (22, 
23). The purified 5-bromouracil-2-C™ was incubated with an 
equimolar amount of unlabeled 5-bromodeoxyuridine (Cyclo 
Chemical Company) for 4 hours at 37° in 0.05 Mm potassium 
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Fic. 3. The effect of 25 ug per ml 5-bromodeoxyuridine and 5-iododeoxyuridine on the clonal growth rate of H.Ep. No. 1 cells. The 
ordinate equals the number of cells in a clone at a specified time divided by the number of cells in the clone at the start (usually one 
or two). @, control plates; O, 5-iododeoxyuridine; 0, 5-bromodeoxyuridine. 


phosphate buffer together with washed packed cells of Strep- 
tococcus faecalis (8043) (13). After removal of protein in cold 
perchloric acid, the residue was removed by centrifugation and 
the supernatant neutralized in the cold with KOH. After re- 
moval of potassium perchlorate, the 5-bromodeoxyuridine-2-C' 
was separated and purified by paper chromatography with the 
use of Solvent IV. The resulting specific activity was 0.4 ue 
per umole. 

Synthesis of 5-Bromodeoxyuridine Labeled with Tritium—De- 
oxyuridine labeled with tritium was prepared by exchange for 
18 hours at 100° in the presence of an activated platinum cata- 
lyst in a system containing deoxyuridine (California Corporation 
for Biochemical Research) and acetic acid containing tritium 
(prepared by addition of HHO to acetic anhydride (24)). (This 
reaction was carried out by the New England Nuclear Cor- 
poration.) After removal of the tritium that is labile in hy- 
droxylic solvents, the product was purified by repeated paper 
chromatography with the use of Solvents IV and VIII. The 
principal ultraviolet absorbing impurity was uracil-H’. In ad- 
dition to the usual criteria of purity (ultraviolet absorption and 
chromatography) the identity of the product was checked by 
an inverse isotope dilution method. The product had a spe- 
cific activity of 215 we per umole. The positions occupied by 
the tritium atoms were not determined at this stage of the 
synthesis. 

The labeled deoxyuridine was then brominated at 5° (25). 


Excess bromine and water were removed by bubbling nitrogen 
gas through the reaction flask at room temperature. To re- 
move traces of HH*O the product was redissolved in 1 ml of 
water and the solvent removed as stated above. This was 
repeated three times. The reaction product was purified by 
paper chromatography using Solvents IV and VIII. Almost 
all the tritium is bound to carbon 6 of the pyrimidine ring ~ 
since digestion with 12 n perchloric acid and rechromatography 
in Solvent IV yielded 5-bromouracil containing approximately 
95% of the activity of the 5-bromodeoxyuridine. The activity 
of the final preparation was 82 ue per umole. 


RESULTS 


Inhibition of Growth by 5-lododeoxyuridine and 5-Bromodeory- 
urtdine—The effect of these compounds on the growth of H.Ep. 
No. 1 cells as measured by protein increase after 7 days incu- 
bation is seen in Figs. 1 and 2. Each point represents the 
mean of three replicate cultures. A comparison of these data 
indicates that the toxicity rises gradually over a relatively ex- 
tended concentration range. At approximately 10 wg per ml 
(30 um), 50% inhibition of growth occurs. Inhibition by 5- 
iododeoxyuridine could not be demonstrated at concentrations 
below one wg per ml. In the case of 5-bromodeoxyuridine a 
small but reproducible inhibitory effect could be seen between 
0.1 and 1.0 wg per ml. 

Effect of 5-Iododeoxyuridine and 5-Bromodeoxyuridine on Clo- 
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TABLE I 


Introduction of 5-halogenated uracil moiety into DNA of 
H.Ep. No. 1 cells 


Introduction of 5-Halogenated Uracil Moiety into DNA 


deoxpividine® | Molar Ratios in DNA 

Expt. No. < A 

| | & > 

+ | 

1 
1A® + — 160 | Br | 0.67 | 0.92 | 0.27 
B + a 160 Br | 0.67 | 1.03 | 0.35 
2A + - 160 Br | 0.52 | 0.92 | 0.43 
B + + 160 Br | 0.64 / 1.18 | 0.46 
3° + a 10 Br a a 0.09 
4A¢ + 70 Br 0.43 
Be 4 + 70 Br d 4 0.53 
5 — _— 70 I 0.72 | 0.96 | 0.25 
6A — —_ 140 I 0.78 | 1.02 | 0.23 
B + + 140 I 0.55 | 0.88 | 0.38 

Normal medium 0 0.96 + .04/ 


* Abbreviations in headings of these three columns: T, thy- 
mine; A, adenine; XU, 5-bromouracil or 5-iodouracil. 

’ Parts A and B for a given experiment number represent the 
same starting cell culture and same normal medium. The com- 
pounds indicated were added 3 days before cell harvest. In Ex- 
periment 3, cells were incubated with 5-bromodeoxyuridine for 
only 24 hours. 

The concentrations of amethopterin and hypoxanthine were 
0.1 um and 36 um respectively. The symbols + and — refer to the 
presence or absence of these compounds in the medium. Total 
defatted and dry cell weight was 15 to 20 mg. 

¢ 5-Bromodeoxyuridine labeled with tritium. 

¢ Not measured. 

5-Bromodeoxyuridine labeled with 

4 Average deviation, four experiments. 

* See text. 


nal Growth Rate—In the presence of 25 ug/ml of these compounds 
(70 and 81 um respectively) a doubling of cell number takes 
place in approximately two days, with no appreciable increase 
in cell number over the remaining 4 days (Fig. 3). Plotted 
as ordinate is the ratio of the number of cells per colony at 
a given time to the number in the colony at the start (usually 
one or two). Each point represents the mean ratio for ap- 
proximately 25 to 35 colonies. In the case of 5-iododeoxyuri- 
dine a completely independent experiment gave essentially the 
same results. For the first 30 hours of incubation the growth 
rate of colonies exposed to either compound was similar to 
that for the controls (upper curves). After 30 hours the con- 
trol colonies continued to grow at a steady rate whereas the 
growth rate of the cells exposed to either compound began to 
level off. After 6 days of incubation the number of cells per 
control colony had increased by a factor of thirteen whereas 
the corresponding figure for the cells incubated in the presence 
of 5-iododeoxyuridine or 5-bromodeoxyuridine had leveled off 
at 2 to 3 times the starting number. 

Introduction of the 5-Bromouracil and 5-Iodouracil Movety into 
DNA of Mammalian Cells—The molar ratio of the halogen- 
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TABLE II 


Introduction of 5-halogenated uracil moiety into DNA of several 
mammalian cell strains 


Molar Ratios in 
DNA? 
Cell Strain Origin Ref. 
> 
T:A? 
AMK Normal monkey kid- | 42 | Br | 0.54) 0.96) 0.44 
ney 
L Normal mouse adult | 43 | Br | 0.71) 0.93) 0.24 
connective tissue 
AMK See above I | 0.81] 1.02) 0.21 
L See above I ¢ ¢ | 0.44 
Vi Normal Chinese ham- | 44 I | 0.84 1.02! 0.18 
ster lung 
S 180 (Foley) | Mouse sarcoma 45 | I | 0.83) 1.06) 0.22 
HeLa Human epidermoid | 46 I | 0.83) 0.96) 0.14 
cervical carcinoma 
H.Ep. No.1 | Human epidermoid | 8 I | 0.75) 0.99) 0.24 
cervical carcinoma 


* Cells were grown under same conditions as in Table I. The 
concentrations of 5-bromodeoxyuridine and 5-iododeoxyuridine 
were 80 and 70 uM respectively. Included in this table is an ex- 
periment using H.Ep. No. 1 cells performed at approximately 
the same time as the other experiments. 

> Abbreviations are defined in Table I. 

¢ Not measured. 


containing uracil to the sum of this compound plus thymine 
in the DNA of H.Ep. No. 1 cells is given in the last column 
of Table I. In several experiments the effect of 0.1 um ame- 
thopterin and 36 um hypoxanthine was studied in a preliminary 
manner following some observations reported by Hakala (26). 
After it became evident that extensive introduction of the 5- 
halogenated uracil moiety into DNA took place even in the 
absence of these compounds (Experiments 1A, 5, and 6A) they 
were not added to the medium in the experiments summarized 
in Table II. Conclusive results were not obtained concerning 
the effect of the amethopterin and hypoxanthine. Slight ef- 
fects were observed in Experiments 1B, 2B and 4B whereas 
a substantial increase in molar content of 5-iodouracil was seen 
in Experiment 6B. The molar ratios T:A and (XU + T):A 
in both Tables I and II support the hypothesis that the halo- 
gen-containing pyrimidine is substituting for thymine. Implicit 
here is the criterion for molar equality of adenine and thymine 
suggested by the Watson-Crick model for DNA (27). The 
ratio 0.96 + 0.04 for T:A was found for H.Ep. No. 1 cells 
grown on normal medium only. The corresponding values for 
cells incubated with 5-bromodeoxyuridine or 5-iododeoxyuri- 
dine range from 0.54 to 0.84. The ratio (XU + T):A was in 
the range of 0.90 to 1.10 for all but 2 of the 14samples analyzed 
(Tables I and IT). 

The extent to which the 5-halogenated uracil moiety is in- 
troduced into the DNA of other mammalian cell lines under 
similar culture conditions is shown in Table II. The ratio 
XU:(XU + T) ranges from 0.14 to 0.44. The differences may 
reflect variations in the growth characteristics of the cell lines. 
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MOLARITY 5-BROMODEOXYURIDINE x10° 


Fic. 4. Effect of concentration of 5-bromodeoxyuridine-2-C"™ on the specific activity of DNA in H.Ep. No. 1 cells following incuba- 
tion for 7 days in normal medium containing this labeled precursor. 


A principal result is the substantial introduction of the unnatural 
base into the DNA of each cell line tested. 

Tracer Studies with the Use of 5-Bromodeoxyuridine Labeled 
with C or H*—Initial studies had demonstrated the presence 
of uracil after perchloric acid digestion of the DNA from cells 
incubated in 5-bromodeoxyuridine. In Experiment 4, Table 
I, this compound labeled with radiocarbon was used to demon- 
strate that the uracil found after perchloric acid digestion of 
the DNA was indeed a degradation product of DNA 5-bromo- 
uracil. The DNA was degraded and the individual bases sepa- 
rated by two dimensional paper chromatography. The 5- 
bromouracil-C and uracil-C isolated in this manner had the 
same specific activity as the precursor 5-bromodeoxyuridine. 
Both products were also observed when a sample of 5-bromo- 
deoxyuridine was digested at 100° with 12 n perchloric acid for 
45 minutes. Dunn and Smith (28) noted the formation of only 
5-bromouracil under these conditions using DNA from bacte- 
rial sources. The DNA thymine had negligible radiocarbon 
activity (less than 0.003 times that of the 5-bromouracil) and 
no activity could be detected in adenylic, cytidylic and uridylic 
acids derived from RNA following alkaline hydrolysis. 

In Experiment 3 (Table I) 5-bromodeoxyuridine labeled with 
tritium was used in an experiment that included localization of 
grains in stripping film emulsion. The low-energy §-particles 
emitted by tritium permit precise localization of the labeled com- 
pounds (29). If the tritium is associated only with DNA, the 
grains will be restricted to the nuclear area of the cell. This 
nuclear localization was described in a preliminary report (5). 
To provide a chemical foundation for the autoradiographic re- 
sults, the specific activity of the nucleic acid bases was also meas- 
ured. The 5-bromouracil in the DNA had the same specific 


activity as the 5-bromodeoxyuridine added to the medium (3.0 
we per umole). The specific activity of DNA thymine was 0.01 
that of the 5-bromouracil whereas that of RNA uracil was 0.002 
that of the 5-bromouracil. No activity was detected in RNA 
adenine and cytosine. 

Effect of Concentration of 5-Bromodeoryuridine in the Culture 
Medium—In 100-ml dilution bottles (surface area 44 cm?) con- 
taining 10 ml of normal medium, 10‘ to 105 cells were allowed to at- 
tach to glass. After 24 hours the medium was replenished and 5- 
bromodeoxyuridine-2-C™ was added at the molarities indicated 
in Fig. 4. The cells were allowed to grow for 7 days. The DNA 
determinations were carried out by the method of McIntire and | 
Sproull with precipitation of the DNA by salmine (9, 30). 
Since the c.p.m. (Fig. 4) is proportional to the DNA 5-bromoura- 
cil content and the mg DNA to the thymine plus 5-bromouracil, 
the ordinates are therefore proportional to the molar ratio 
BrU:(T + BrU). This ratio increases with increasing concen- 
tration and its approximate magnitude can be estimated from 
the molar ratios for adenine, thymine, guanine, and cytosine 
(0.3, 0.3, 0.2, and 0.2) found for cells of human origin (31, 32). 
With the use of these values and the measured specific activities 
(ordinates, Fig. 4), the molar ratios BrU:(T + BrU) are calculat- 
ed to be 0.02, 0.08, and 0.13 when the concentrations of 5-bromo- 
deoxyuridine were 0.3, 1.6 and 4.0 X 10-5 m respectively. 

Isolation of 5-Iododeoxryuridine-I™ by Enzymatic Degradation 
of DNA—Cells were grown in normal medium supplemented 
with 0.7 < 10-* m 5-iododeoxyuridine (3.34 wc per mg at the 
start) for 3 days and approximately 1 ml of packed, washed cells 
were harvested in the usual manner. The cells were frozen, 
allowed to thaw, and homogenized in 3 volumes of water. To 
the homogenate, 2.5 volumes ethanol were added and the residue 
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was defatted as usual. The cells were extracted with 0.1 m so- 
dium citrate for 1 hour and the resulting mixture centrifuged at 
12,000 X g. The residue was extracted twice with 10% aqueous 
NaCl solution overnight at 5°. The combined salt extract was 
deproteinized 3 times by CHCl;-gel formation (28, 33, 34). The 


NaC] fraction (I) (containing most of the DNA) was ejected into _ 


2 volumes of alcohol and the resulting threads were centrifuged 
and washed with 95% ethanol, absolute ethanol and ether. 
Some activity was found in the CHCl;-gel fraction (Il). The 
latter was therefore suspended in 95% alcohol and white stringy 
nucleoprotein was separated and washed as above. Fraction 
I had a specific activity 4 times higher than that of Fraction II. 
(The specific activity of the solid isolated in this manner from 
the supernatant following extraction with sodium citrate solu- 
tion (above) was considerably lower than Fractions I or II and 
was therefore discarded.) The ribonucleic acid in Fractions I 
and II was separately hydrolyzed in 0.3 n KOH at 37° for 18 
hours and the resulting solutions were extensively dialyzed 
against 10-* m NaCl (5°). Aliquots of the solution after dialysis 
were subjected to paper chromatography. After development 
in the appropriate solvents the I"! content along the paper was 
examined. A typical result is shown in Fig. 5 using Fraction I 
and Solvent V. The activity remained as a single spot at the 
origin (Part A). After treatment with deoxyribonuclease 
(Worthington Biochemical Corporation) with the use of stand- 
ard procedures the radioiodine activity moves slightly from 
the origin and corresponds to the location of ultraviolet absorb- 
ing material (Part B).’; In some cases, this peak is fairly broad, 
indicating a large number of oligonucleotides. Less than 1% of 
activity was observed at the marker area for 5-iododeoxyuridine. 
After further digestion of the latter solution with Russell viper 
venom (Ross Allen-Silver Springs) the activity peak corresponds 
to that for the 5-iododeoxyuridine marker (Part C). The single 
peak corresponds chromatographically to this compound for 
both Fractions I and II in four additional solvent systems, 
I, VI, 1X, and X. In the three acid solvents used (I, IX, 
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and X) the activity at the peak corresponded to 96 to 100% 
of that placed at the origin. In the ammoniacal solvents V and 
VI only about 85% of the activity was present in the 5-iodode- 
oxyuridine peak, corresponding to a partial breakdown in these 
systems. ‘Two dimensional paper chromatography of the digest 
in Solvents I and [X coupled with radioautography using x-ray 
film revealed that 96.5% of the activity was present at a location 
corresponding to 5-iododeoxyuridine (16 cm from origin, solvent 
IX). The remaining activity resided in three additional loca- 
tions, 1% corresponding to 5-iodouracil (22 em), 2% at 5 em 
(nature of compound not further investigated), and 0.5% of the 
activity at the origin for the second dimensional run in Solvent 
IX. These results confirm the conclusion from base analysis 
that the 5-iododeoxyuridine has been incorporated into the poly- 
nucleotide structure and eliminate the possibility of contamina- 
tion by labeled precursor adsorbed by nucleoprotein. The 
results also demonstrate that no significant amount of the 
radioactivity is present as iodine-containing amino acid in the 
protein portion of the fractions studied. 


DISCUSSION 


These results together with recent experiments in vivo (6, 7) 
indicate that the introduction of the 5-halogenated uracil moiety 
into DNA under suitable experimental conditions may be gen- 
erally observed in cells of higher organisms. The molar ratios 
of DNA adenine, thymine, and 5-halogenated uracil suggest 
that the latter is replacing thymine while maintaining the hydro- 
gen-bonded structure predicted by the Watson-Crick model. 
This has been demonstrated in bacterial systems by complete 
base analysis (2, 28).! 

The mechanism of growth inhibition in the cell cultures by 
5-bromodeoxyuridine requires further study. Extensive intro- 
duction of the 5-halogenated uracil moiety into DNA was 
observed in the 70 to 160 um concentration range. At the lower 
concentration, only a 2 to 3-fold average increase in cell number 
of a colony was observed. Thesé results are similar to those of 
Mathias and Fischer in the case of L-5178 cells. In media con- 
taining 10 to 100 um 5-iododeoxyuridine, cells doubled in number 
with subsequent lysis (35). This suggests that growth inhibi- 
tion is influenced by the formation of DNA containing unnatu- 
ral bases. The extent of unbalanced growth under these condi- 
tions leading to a loss in viability as demonstrated in bacterial 
systems by Cohen et al. (36) also requires further study. 

Zamenhof et al. found no strict correlation between growth 
inhibition by an unnatural base and the introduction of that 
base into DNA (37). Similar conclusions were reached by Pru- 
soff in the case of azathymine in a bacterial system (38). 
Interference with essential biochemical steps may be an impor- 
tant factor in growth inhibition by 5-bromo and 5-iododeoxy- 
uridine and their metabolic derivatives. Studies in vivo as well 
as in vitro in this laboratory and by Kit et al. are in accord with 
the hypothesis that 5-bromodeoxyuridine or a metabolic deriva- 
tive interferes with the incorporation of the thymine moiety into 
DNA thymine (39, 40, 41). The competitive inhibition by 5- 
iododeoxyuridine of thymidine utilization for the biosynthesis 
of DNA in mouse ascites cells in vitro has been reported by 
Prusoff (7). 

The nuclear localization of 8-particle emission following the 


! Added in proof—The introduction of the 5-bromouracil moiety 
into the DNA of HeLa cells has recently been described by M. T. 
Hakala (J. Biol. Chem., 234, 3072 (1959)). 
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introduction of 5-bromodeoxyuridine-H* into DNA of cells in 
culture may permit a direct study of the viability of a particular 
parent cell (as measured by the size of the clone resulting) and 
the content of unnatural base in the parent cell of the clone (as 
measured by grain counting over the total area occupied by the 
daughter cells in the clone). 


SUMMARY 


Extensive introduction of 5-halogenated uracil into the deoxy- 
ribonucleic acid of six mammalian cell lines occurs following 
addition to the culture medium of 5-bromodeoxyuridine or 
5-iododeoxyuridine at a concentration of approximately 100 uM. 
The molar ratios of thymine, adenine, and halogenated pyrimi- 
dine support the hypothesis that the latter is replacing thymine. 
The extent of introduction of the 5-bromouracil moiety increases 
with increasing concentration of 5-bromodeoxyuridine over the 
range of 3 to 40 uM. 

The growth inhibition of H.Ep. No. 1 cells by 5-bromodeoxy- 
uridine and 5-iododeoxyuridine was studied over a wide range 
of concentration. At approximately 75 uM, cells undergo on the 
average one subsequent division but further division is severely 
inhibited. 

The synthesis of 5-bromodeoxyuridine labeled with tritium at 
carbon 6 of the pyrimidine ring, 5-bromodeoxyuridine-2-C™, and 
5-iododeoxyuridine is described. The tritium-labeled compound 
is satisfactory for nuclear localization of the unnatural base in 
stripping film radioautography. 
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The incorporation of labeled precursors into ribonucleic acid 
with cell-free preparations of animal tissues has been observed 
in a number of laboratories (1-10). Further studies with par- 
tially purified preparations indicate that the proximate precur- 
sors are nucleoside tri- rather than diphosphates (2-4). These 
enzyme preparations, unlike deoxyribonucleic acid polymerase 
(11-13) or polynucleotide phosphorylase (14), incorporate ade- 
nine nucleotide into RNA almost exclusively at the terminal 
position of the polyribonucleotide chain adjacent to a cytosine 
monophosphate residue (2). The final product, adenosine— 
CMP—CMP—RNA is the amino acid acceptor required for the 
transfer of aminoacy] residues to the site of their ultimate incor- 
poration into proteins (15-18). Edmonds and Abrams (3), 
however, have provided some evidence for a separate enzyme, 
responsible for the incorporation of the adenine nucleotide moiety 
of ATP into internucleotide linkages in RNA. Herbert (10) 
has reported that this type of reaction is enhanced if cytoplasmic 
enzyme preparations are supplemented by nuclei.! 

In the course of studies on the possible occurrence of polynu- 
cleotide phosphorylase in extracts of tissues of chick embryos, 
we investigated the exchange of labeled inorganic phosphate and 
pyrophosphate with ribonucleoside di- and triphosphates. Al- 
though the rate of incorporation of phosphate into ribonucleo- 
side diphosphates was rather low, that of inorganic pyrophos- 
phate into ribonucleoside triphosphates appeared relatively high 
and independent of the presence of amino acids, but dependent 
on the presence of polynucleotide (19-21). The present com- 
munication examines the reactions involved in more detail. 

When the soluble fraction of homogenates of 14-day-old chick 
embryonic livers or hearts was purified by means of ammonium 
sulfate and calcium phosphate gel, an enzyme preparation was 
obtained which catalyzed the incorporation of the AMP moiety 
of ATP into RNA. The incorporated adenine nucleotide was 
found almost entirely at the terminal position of the polynucleo- 
tide chain. The reaction did not take place when ADP was 
substituted for ATP. 

The incorporation of adenine nucleotide into the interior of the 
polynucleotide chain could be shown to take place in the presence 
of a cruder enzyme preparation. This system required ATP asa 
substrate and was dependent on the presence of Mg++. Addi- 


* Supported by grants in aid of the American Cancer Society. 
Publication No. 920 of the Department of Chemistry, Indiana 
University. 

1 While this manuscript was in preparation, Weiss and Glad- 
stone reported briefly on the incorporation of CMP#—P—P into 
internucleotide linkage in RNA, catalyzed by rat liver nuclei 
(J. Am. Chem. Soc., 81, 4118 (1959). 


tion of Mn++ as well as Mg*+ at its optimal concentration not 
only increased the extent of incorporation but also resulted in a 
marked increase in the relative amount of AMP appearing in 
internucleotide linkages. The reaction was also stimulated by 
the addition of the other ribonucleoside triphosphates added 
either singly or in combination. Anionic polymers, including 
DNA, were found to be stimulatory at low but inhibitory at 
high ‘concentration. Polyamines, such as spermidine and ca- 
daverine, on the other hand, were inhibitory at low, but stimu- 
latory at higher, concentrations. 


EXPERIMENTAL 
Materials 

ATP-8-C™ and ADP-8-C" as well as unlabeled adenosine sul- 
fate, adenine-HCl, 2’- and 3’-AMP, 2’- and 3’-GMP, 2’- and 
3’-UMP, and 2’- and 3’-CMP were purchased from Schwarz 
Laboratories, Inc. 5’-AMP, 5’-GMP, 5’-UMP, 5’-CMP, 5’- 
ADP, 5’-GDP, 5’-UDP, 5’-CDP, 5’-ATP, 5’-GTP, 5’-UTP, and 

’-CTP were generous gifts supplied by the Sigma Chemical 
Company. Polyvinyl sulfate was synthesized according to the 
method of Nomura et al. (22). Heparin was obtained from Nu- 
tritional Biochemicals Company. Chitosan sulfate, chondroitin 
sulfuric acid, alginic acid sulfate, and polyethylene sulfonates 
were gifts of Dr. Flokstra, Upjohn and Company. Cadaverine, 
spermidine-HCl, phosphopyruvic acid, protamine sulfate, and 
streptomycin-HzSQ, were purchased from California Corporation 
for Biochemical Research, and p-aminosalicylic acid from Brit- 
ish Drug House, Ltd. Crystalline a-amylase was purchased 
from Nutritional Biochemicals Company, crystalline ribonv- 
clease from Sigma Chemical Company, and crystalline deoxy- 
ribonuclease from Worthington Biochemical Corporation. 


Methods 


Orthophosphate was estimated by the method of Fiske and 
SubbaRow (23) and pyrophosphate was measured as orthophos- 
phate after hydrolysis in 1 nN HCl at 100° for 10 minutes. Pen- 
tose was determined by the Mejbaum procedure (24) with crys- 
talline ATP as a standard, deoxypentose by the Dische method 
(25) with deoxyadenylic acid as a standard, and protein by the 
Biuret method (26) with bovine serum albumin as a standard. 

Labeled inorganic pyrophosphate was prepared by the method 
of Kornberg and Pricer (27). After pyrolysis of carrier-free 
labeled orthophosphate to pyrophosphate, carrier pyrophosphate 
was added and the labeled pyrophosphate was isolated by means 
of a Dowex 1 column. 
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Enzyme Assays—Routinely, enzyme activity was measured in 
two ways: 

Assay Method I: To measure the incorporation of labeled 
pyrophosphate into ribonucleoside triphosphates, the standard 
incubation mixture in a final volume of 1.0 ml contained 10 
umoles of Tris buffer, pH 7.5; 100 umoles of KF; 0.2 mg of cyto- 
plastic RNA (see below); 5 umoles of unlabeled inorganic pyro- 
phosphate, pH 7.5, containing labeled inorganic pyrophosphate 
of variable specific activity; 10 wmoles of MgCle; a mixture of 
the four nucleoside triphosphates (3.125 uwmoles of ATP, 0.025 
pmole each of GTP, UTP, and CTP) and 0.4 to 5.0 mg of enzyme 
protein. The mixture was incubated at 38° for 10 minutes. 

The reaction was stopped by addition of 1.0 ml of 10% tri- 
chloroacetic acid or of 1 m perchloric acid. The supernatant 
solution after centrifugation was combined with the washings of 
the acid-insoluble precipitate (3 times with 3.0 ml of 5% tri- 
chloroacetic, or 0.5 m perchloric acid). A 5-ml aliquot was 
mixed well with 250 mg of acid-washed Norit A (28). The char- 
coal was collected by centrifugation and washed once with 5 ml 
of cold 5% trichloroacetic or 0.5 m perchloric acid, twice with 
water, and once each with 5 ml of cold 95% and 100% ethanol. 
During each washing, 0.2 ml of 95% ethanol was layered on top 
of the liquid to minimize the loss of charcoal. The washed char- 
coal was then dried in an oven at 60° overnight, suspended in 
2 to 3 ml of 1 n HCl, and heated for 10 minutes at 100°. After 
removal of the charcoal by centrifugation or filtration, the 
supernatant or filtrate was neutralized. An aliquot was dried 
in a planchet and counted in a gas flow counter. The activities 
were expressed as counts per minute, as per cent of maximal in- 
corporation (29), or as wmoles of pyrophosphate incorporated 
into nucleoside triphosphates (30). As a check on the method, 
nucleotides were eluted from the charcoal with ammoniacal 
alcohol. Counts liberated by acid hydrolysis or eluted in this 


manner agreed within the experimental error. 


Assay Method II: To measure the incorporation of adenine 
nucleotide into acid-insoluble material, the basic reaction mix- 
ture for a routine assay contained in a final volume of 1.2 ml: 
20 wmoles of Tris buffer, pH 9.5; 15 wmoles of MgCl; 0.4 mg of 
cytoplasmic RNA (see below); 0.178 umole of C'4-ATP, 1.36 x 
10° c.p.m. (specific activity, 0.78 uc per umole); 0.25 umole each 
of CTP, UTP, and GTP; and 0.4 mg of enzyme protein. After 
incubation for 20 minutes at 38° the tubes were immersed in ice 
and an equal amount of 10% trichloroacetic or 1 m perchloric 
acid was added. The contents were centrifuged and the super- 
natant solution discarded. The counts incorporated into RNA 
were then estimated by either of the following procedures which 
are modifications of the method described by Herbert et al. (6). 

Procedure A: 

1. The precipitate was finely suspended in 5 ml of cold 5% 
trichloroacetic or 0.5 m perchloric acid, centrifuged, and resus- 
pended in the same medium. This was repeated twice. 

2. The washed precipitate was dissolved in 2 ml of water by 
the addition of the minimal amount of 0.1 Nn NaOH and repre- 
cipitated by the addition of 2 ml of 10% trichloroacetic or 1 m 
perchloric acid. 

3. The acid-insoluble material was washed once with cold 
100% alcohol. 

4. After drying the material by inversion of the tubes, the 
precipitate was dissolved in 0.3 ml of dilute alkali. The solu- 
tion was made up to 2.4 ml. An aliquot, 0.2 to 0.4 ml, was 
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spread on a planchet, and dried, first in air and further in an 
oven at 60° for several hours. 

Procedure B: 

When measurement of incorporation of adenine nucleotides 
specifically into RNA rather than into acid insoluble material 
was desired, or when the preparation contained water-insoluble 
particles (i.e. nuclei, mitochondria, or microsomes), Procedure 
A was, with the omission of Steps 2 and 4, followed by Steps 5 
through 9 below. If it contained only water-soluble compo- 
nents, the complete Procedure A was then followed by Steps 6 
through 9. 

5. The precipitate after Step 3 was extracted with a 2:1 mix- 
ture of 95% ethanol and ether for 30 minutes at 50° to remove 
lipids. 

6. The residue was washed twice with 95% ethanol. 

7. Nucleic acids were extracted from the above residue with 
4 ml of 10% NaCl at pH 7.0 and 100° for 30 minutes and cen- 
trifuged or filtered. For quantitative recovery this step was 
repeated once with an additional 2 ml of 10% NaCl at 100° for 
15 minutes. 

8. An aliquot of the NaCl extract was mixed with 2.5 volumes 
of cold 95% ethanol and left in a freezer at —20° for 12 hours 
or more. The precipitates were collected by centrifugation, 
dissolved in 2 to 3 ml of water and an aliquot was dried and 
counted as described in Step 4 above. 

If further purification of RNA was desired, the above solution 
was made 2% with respect to sodium acetate and the RNA re- 
precipitated by addition of 2.5 volumes of 100% ethanol. 

9. When DNA was present in the precipitate, the latter was 
dissolved in water, made 0.2 N in NaOH, and hydrolyzed at 80° 
for 3 hours. After cooling, the solution was neutralized and 
then made 0.5 m in perchloric acid. DNA was removed by 
centrifugation. An aliquot of the solution after neutralization 
was counted, and the RNA content was determined at 260 mu 
by the use of the extinction coefficient, 32.3 per mg of RNA 
(2, 31). 

Enzyme activities were generally expressed in terms of the 
total counts incorporated in RNA under standard assay condi- 
tions. Occasionally, when no attempt was made to obtain com- 
plete recovery of RNA, results were expressed as counts incor- 
porated per mg of RNA. 

Column Chromatography—The acid-soluble nucleotides were 
separated by ion exchange chromatography on Dowex 1-for- 
mate resin columns (AG 1-X10, 200 to 400 mesh, 15 x 1 em?), 
with the use of the formic acid or the ammonium formate system 
of Hurlbert et al. (32). To obtain nucleoside 2’- and 3’-phos- 
phates from the isolated RNA, the polynucleotide preparations 
were hydrolyzed in 0.1 n NaOH at 80° for 30 minutes. Carrier 
adenosine was added to the hydrolysate and the latter was chro- 
matographed by use of the formic acid system by the method 
of Herbert (10). For complete hydrolysis to mixed nucleoside 
2’- and 3’-phosphates, the samples were treated with 1 n NaOH 
at room temperature for 18 hours or with 0.1 n NaOH or KOH 
at 100° for 90 minutes.? 

2 Under these conditions there was essentially complete re- 
covery of added nucleotides in control experiments. With some 
samples of chick embryo RNA we have occasionally found some 
hydrolysis (<10%) of AMP to adenine at 100°. Neither this re- 
action nor the conversion of adenine to hypoxanthine derivatives 
seemed to occur at 80°, the conditions most commonly employed 


by us. Hecht eé al. used a 3-hour hydrolysis at this temperature 
and also observed no decomposition. 
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Paper Chromatography—The isolated RNA preparations were 
hydrolyzed in 0.1 n KOH at 100° for 90 minutes or in 0.2 N 
KOH at 80° for 2 hours?. After cooling, the hydrolysates were 
neutralized with perchloric acid and the potassium perchlorate 
formed was removed. The solutions were concentrated, chilled, 
and any further precipitate formed was again removed. The 
resulting mixtures, with added carriers (usually adenosine and 
a mixture of 2’- and 3’-AMP), were applied to sheets of Whatman 
No. 1 filter paper. Routinely, a solvent system of isobutyric 
acid-NH,OH-water (66:1:33) was used. Descending chroma- 
tograms were run at 25° for 16 to 18 hours. After development 
the ultraviolet quenching spots were visualized by means of a 
Mineralight lamp and compared with authentic samples run con- 
currently as standards. Elution was performed by completely 
immersing the excised spots in 0.5 m NH,OH in small test tubes, 
which were covered by Parafilm to prevent any loss of the liquid, 
and incubating at 38° for 24 hours. An aliquot of the eluate was 
dried in a planchet and counted as usual. 

Cell Fracttonation—Fertilized eggs were incubated for 14 days. 
Livers and hearts excised from the embryos were cleared of con- 
nective tissue and washed in cold distilled water to remove as 
much blood as possible. Organs were stored in a deep freeze 
until an amount sufficient for fractionation by conventional pro- 
cedure had been collected. They were then homogenized in 
0.25 m sucrose and fractionated by the procedure of Schneider 
and Hogeboom (33). 

After removal of a low speed residue (at 5000 x g for 30 min- 
utes) and microsomes (at 105,000 xX g for 1 hour) the final clear 
supernatant fluid was fractionated by addition of solid ammo- 
nium sulfate. Several fractions were collected between 30 and 
70% of saturation. The protein was dissolved in 0.05 m Tris 
buffer, pH 7.5, and dialyzed against the same buffer overnight 
with several changes of buffer. 

Most of the enzyme activity could be found in the fractions 
obtained between 35 and 70% ammonium sulfate saturation. 
Occasionally, a considerable amount of activity still remained 
in solution at 70% saturation. In most of the experiments de- 
scribed in this paper a crude fraction, collected between 30 and 
70% of saturation (Type I enzyme preparation), was employed. 

A more highly purified preparation (Type II enzyme) was 
obtained either by refractionation of Type I preparations or 
directly from supernatant solutions. A typical protocol follows: 
A liver homogenate was freed of nuclei, mitochondria, and micro- 
somes by high and low speed centrifugation as before. To 900 
ml of supernatant fluid was added slowly, with stirring, 45 ml 
of 1m MnCl. The mixture was kept at 0° for 2 hours, and the 
precipitate was removed by centrifugation. To the supernatant 
solution (885 ml) was added 88 ml of 1% protamine sulfate 
(1% streptomycin sulfate may be substituted) and the prepara- 
tion left in the cold room (4°) overnight; the precipitate formed 
was again removed by centrifugation. The supernatant solu- 
tion (1050 ml) was treated with 500 ml of calcium phosphate gel 
(32.3 mg dry weight per ml) and the mixture stirred for 15 min- 
utes. The gel was collected by centrifugation, washed twice by 
resuspension in 250 ml of distilled water, and the washings 
pooled with the original unadsorbed material.* To this com- 


3 The gel step removes mainly hemoproteins present in the 
preparation. Some enzyme is also adsorbed under these condi- 
tions. This treatment therefore does not result in any significant 


increase in specific activity but appears to facilitate subsequent 
purification. 
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bined fluid (1640 ml) was then added 780 g of solid ammonium 
sulfate, and the resulting precipitate was dissolved in a minimal 
volume (about 50 ml) of 0.05 m Tris buffer, pH 7.5. The enzyme 
was exhaustively dialyzed against the same buffer, and 94 ml 
of the solution were then treated with 35.5 ml of the calcium 
phosphate gel described above. After stirring for 15 minutes 
the gel was collected by centrifugation and washed twice with 
30-ml portions of 0.05 m phosphate buffer, pH 7.5; the enzyme 
was eluted with two 25-ml portions of the same buffer at 0.5 M. 
The combined eluate was then dialyzed overnight against 0.05 m 
Tris buffer, pH 7.5, with several changes of buffer. 

Before purification the enzyme preparation contained approx- 
imately 14 g of protein, with an incorporating activity of 116 
c.p.m. per mg under standard conditions. The final gel eluate 
contained approximately 300 mg of protein with an incorporat- 
ing activity of 997 c.p.m. per mg under standard conditions. 

Preparation of RNA—The RNA, which was routinely added 
to the incubation mixture, was prepared by a slight modification 
of the phenol method of Kirby (34, 35). Various cell fractions, 
separated by the Schneider and Hogeboom procedure (33), were 
made 6% with respect to sodium p-aminosalicylate with stirring 
in the cold for 5 minutes. The mixture was slowly added to an 
equal volume of 90% phenol and continuously and vigorously 
stirred at room temperature for 3 hours. The aqueous layer 
was separated, either by centrifugation or by leaving the mixture 
in a separatory funnel overnight at room temperature. The 
clear water layer was then made 2% in sodium or potassium 
acetate, and RNA precipitated by the addition of 2.5 volumes 
of 95% ethanol in the cold. 

Further purification was achieved by the following procedure 
(all operations performed at 0—4°): The RNA preparations were 
washed with 70% ethanol, dissolved in water, and any insoluble 
material was removed by centrifugation. The solutions were 
then made 2% with respect to sodium acetate and the RNA 
reprecipitated from the solution by the addition of 2.5 volumes 
of 95% alcohol. The precipitates were washed twice with 
70% and twice with 100% ethanol. The material was then 
dried under reduced pressure. Preparations isolated by this 
procedure from microsomes or supernatant contained 50 to 75% 
polyribonucleotide (by orcinol or optical density determination 
at 260 my of an alkaline hydrolysate). Unless otherwise speci- 
fied, the RNA mentioned in the text was a polyribonucleotide 
preparation obtained by this method from the soluble fraction 
of a liver homogenate. 

More highly purified samples were obtained as follows: RNA 
isolated as above was dissolved in 0.01 mM phosphate buffer, pH 
7.0, 0.007 m in NaCl, and was then treated with crystalline a- 
amylase (final concentration of 0.1 mg per ml) at 38° for 3 to 4 
hours. RNA preparations from nuclei were also treated with 
deoxyribonuclease (0.05 mg per ml final concentration) and in- 
cubated for 8 hours or more. After amylase and deoxyribonu- 
clease treatment the samples were then exposed to proteolytic 
enzyme (trypsin or bacterial protease, 0.05 mg per ml final con- 
centration) for 3 hours at 37°. The RNA was isolated from the 
digestion mixture by addition of 2.5 volumes of alcohol. The 
precipitates were dissolved in water and RNA was again precipi- 
tated with alcohol. This process was then repeated once or 
twice more. The final preparations contained 85-95% RNA by 
dry weight. 

DNA from nuclei was purified in a manner similar to that 


Ma 
used 
the 
I, p 
the 
side 
 dipl 
obse¢ 
of 1 
edl 
dip 
fect 
orb 
lowe 
corp 
pea 
was 
plet 
enzy 
cha 
witl 
the 
ther 
the 
ent 
tha 
supe 
diti 
T 
dip! 
pre} 
was 
tion 
plas 
E 
in t 
senc 
pre] 
The 
whe 
ence 
the 
ine 
A 
incc 
pre} 
is il 
pho: 
tion 
fluo 
in t 
its 
4 


May 1960 


used for nuclear RNA, but with ribonuclease substituted for 
the deoxyribonuclease in order to remove RNA. 


RESULTS 


Incorporation of Labeled Pyrophosphate into 
Ribonucleoside Triphosphates 


Effect of Nucleotides and Amino Acids—As shown in Table 
I, preparations derived from chick embryonic tissues catalyzed 
the active incorporation of labeled pyrophosphate into nucleo- 
side triphosphates, whereas its incorporation into nucleoside 
diphosphates was negligible (usually less than 10% of that 
observed with the triphosphates). The addition of a mixture 
of 18 amino acids to the nucleoside triphosphate system mark- 
edly decreased the activity. When added to the nucleoside 
diphosphate system, the amino acid mixture had almost no ef- 
fect. The activity of the enzyme was not decreased by dialysis 
or by other manipulations such as salt fractionation, designed to 
lower the content of endogenous amino acids. Thus, the in- 
corporation of pyrophosphate into nucleoside triphosphates ap- 
peared to be independent of the presence of amino acids and 
was, therefore, probably not catalyzed by amino acid activating 
enzymes. It is, perhaps, of interest that we have been com- 
pletely unsuccessful in demonstrating the presence of these 
enzymes in our preparations by either the pyrophosphate ex- 
change reaction or by hydroxamate formation.‘ The preparations 
with which the data of Table I were obtained contained both 
the microsomal and the soluble portions of the cytoplasm. Ei- 
ther fraction alone was also active, but, on a protein basis, 
the latter had a higher specific activity. There also were pres- 
ent more interfering enzymes (nucleases, etc.) in the microsomal 
than in the supernatant fraction. Thus, when microsomes and 
supernatant were combined, the resulting activity was not ad- 
ditive, even in the presence of a high concentration of fluoride. 

The incorporation of labeled orthophosphate into nucleoside 
diphosphates under the conditions outlined in Table I or with 
preparations obtained from either of the fractions separately 
was insignificant. All attempts at obtaining active prepara- 
tions of polynucleotide phosphorylase from the embryonic cyto- 
plasm were unsuccessful, even when the present assay methods 
were supplanted by that of Grunberg-Manago et al. (14). 

Effect of Fluoride Ion—The results in Table I were obtained 
in the presence of high concentrations of fluoride. In its ab- 
sence, the nucleotides added were rapidly destroyed by enzyme 
preparations containing both microsomes and supernatant fluid. 
Therefore the apparent activity was almost negligible, even 
when a very brief period of incubation was used. In the pres- 
ence of fluoride at elevated levels, the initial activity was high, 
then reached a maximum and decreased rapidly with prolonged 
incubation. 

Although required for the demonstration of pyrophosphate 
incorporation into nucleoside triphosphates with these crude 
preparations, fluoride was quite inhibitory to the enzyme. This 
is illustrated in Fig. 1, which shows the incorporation of pyro- 
phosphate by a dialyzed 40 to 60% ammonium sulfate frac- 
tion of liver supernatant fluid in the absence and presence of 
fluoride. With an incubation time of 5 minutes the activity 
in the presence of fluoride was only half of that observed in 
its absence. On more prolonged incubation, however, the ac- 


4 Unpublished data of Mahler and Wittenberger. 
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TABLE I 


Effect of nucleotides and amino acids mixture on pyrophosphate 
incorporation into ribonucleotides 
The reaction mixtures in a final volume of 1.0 ml contained 6.6 
mg of enzyme protein ;* 100 uzmoles of Tris buffer, pH 7.5; 10 uzmoles 
of MgCl.; 100 uzmoles of KF; 5 umoles of inorganic pyrophosphate, 
pH 7.5, containing 1.25 X 105 c.p.m. of P#P%. The tubes were 
incubated at 38°. Assay Method I was used. 


Total c.p.m. incorporated at 
incubation period of 
Addition 
20 min 60 min 
Mixture of triphosphates + amino acid 2360 0 
mixture 
Mixture of diphosphates + amino acid 482 452 
mixture 
Mixture of triphosphates? 4050 1266 
Mixture of diphosphates¢ 512 81 
None 58 64 
None + amino acid mixture? 328 -— 


* A supernatant fraction (containing microsomes as well) ob- 
tained by centrifuging a homogenate of 14-day-old chick embryo 
liver for 30 minutes at 5000 X g. 

>’ Contained 3.125 wmoles of ATP; GTP, CTP, and UTP, 0.025 


each. 
¢ Contained 3.125 umoles of ADP; GDP, CDP, and UDP, 0.025 


umole each. 

4 Contained 18 amino acids as follows (values in parentheses 
are concentrations in yg per ml of reaction mixture): alanine 
(280), arginine (120), aspartate (284), cysteine (160), glutamate 
(440), histidine (80), isoleucine (200), leucine (280), lysine (160), 
methionine (120), glycine (360), phenylalanine (160), proline (120), 
serine (280), threonine (80), tryptophan (40), tyrosine (80), valine 
(240). 


tivity in the presence of fluoride continued to increase, whereas 
the rapid initial activity, observed in its absence, decreased. 
As before, this decrease in activity was due to enzymatic hy- 
drolysis of the organic polyphosphates, since the concentration 
of organic phosphates hydrolyzable by acid (1 N HCl for 10 
minutes at 100°) decreased rapidly in an incubation mixture de- 
void of fluoride. 

RNA Dependence—All active enzyme preparations obtained 
from the soluble fraction of embryonic liver could be shown to 
be rich in RNA. Its concentration could be decreased by 
incubating the enzyme in 0.05 mM pyrophosphate, pH 7.5, for 
30 to 60 minutes. In a typical run the optical density ratio 
Agog to Az was increased from 0.93 to 1.07 by this treatment. 
When the preincubated enzyme was precipitated with saturated 
ammonium sulfate and dialyzed, its enzymatic activity was lost. 
It could be restored completely, however, by the addition of 
RNA, isolated by the phenol method from a crude enzyme 
preparation not previously subjected to the pyrophosphate 
treatment. As shown in Fig. 2 the addition of increasing 
amounts of RNA to a reaction mixture containing an enzyme 
preparation low in endogenous RNA gave rise to enhanced in- 
corporation. The curve of reaction rate plotted against RNA 
concentration appeared to be hyperbolic, since a double recip- 
rocal plot gave a linear relation. With enzyme preparations 
rich in RNA, saturation appeared to have been already achieved, 
since little or no additional stimulation by added RNA was 
demonstrable. 
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Fic. 1. Effect of fluoride on pyrophosphate incorporation. The 
reaction mixtures, in a final volume of 1.0 ml, contained 6.9 mg of 
protein of a 40 to 60% ammonium sulfate fraction of the super- 
natant fluid of 14-day-old chick embryonic liver; 100 wmoles of 
Tris buffer, pH 7.5; 10 umoles of MgCl.; 0.025 umole each of CTP, 
UTP, and GTP; 3.125 uwmoles of ATP; 5 uwmoles of inorganic pyro- 
phosphate containing 4.1 X 10‘ c.p.m. of P#P32; O——O in the 
presence of 100 umoles of KF; A A inits absence. Incubation 
was carried out at 38°. Assay Method I was used. 


That the removal of RNA described above may have been 
due to pyrophosphorolysis, 1.e. a reversal of the incorporation 
reaction, could be demonstrated by measuring the incorporation 
of pyrophosphate into ribonucleoside triphosphates on treat- 
ment of RNA with labeled pyrophosphate alone. Fig. 3 shows 
the formation of labeled charcoal-adsorbable material, presum- 
ably nucleoside polyphosphates, by incubating RNA with labeled 
pyrophosphate in the presence of Mgt+ and enzyme prepara- 
tions from heart supernatant or microsomes, but in the absence 
of added ribonucleoside di- or triphosphates. The amounts 
formed were small, but clearly demonstrable by the tracer 
techniques described above. Fluoride added to the reaction 
mixture in these experiments was found to be strongly inhibi- 
tory. 

Specificity for Different Nucleoside Triphosphates—The speci- 
ficity of the pyrophosphate exchange reaction for individual 
nucleoside triphosphates is shown in Table II. If these sub- 
strates were added in equal concentration, and with short in- 
cubation periods, the activity was highest with ATP, next with 
UTP and least with GTP or CTP. The activity with the 
latter was nearly half that with ATP. With the four nucleo- 
side triphosphates added simultaneously in equal concentra- 
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Fia. 2. Dependence of pyrophosphate incorporation on added 
RNA. The incubation mixtures in a final volume of 1.0 ml con- 
sisted of 100 uzmoles of Tris buffer, pH 7.5; 10 umoles of MgCl; a 
mixture of nucleoside triphosphates (3.125 wmoles of ATP; 0.025 
umole of CTP, UTP, and GTP); 5 wmoles of inorganic pyrophos- 
phate, pH 7.5, containing 4.1 * 10‘ c.p.m. of PP; 3.3 mg of 
protein of a 60 to 95% ammonium sulfate fraction of embryonic 
chick liver supernatant fluid; varying amounts of RNA. Incuba- 
tion was carried out at 38° for 20 minutes. Assay Method I was 
used. 

Maximal incorporation (theoretical) = (total c.p.m. added) X 
(umoles of nucleoside triphosphates added)/(umoles of total ex- 
changeable pyrophosphate) = 1.6 X 10‘ c.p.m. 


tions (0.5 umole total) the activity observed was just about 
the average calculated on the basis of that observed with each 
nucleoside triphosphate added individually. 


Incorporation of Adenine Nucleotide into RNA 


ATP but Not ADP as Precursor of Adenine Nucleotide of RNA 
—As a routine assay, the pyrophosphate exchange reaction was 
inadequate because the method was indirect and influenced by 
interfering enzymes. For example, Mg++, which is required for 
enzyme activity, as will be seen later, was removed by pyro- 
phosphate added in high concentration. At the resulting low 
Mgt** levels the activity of the incorporating enzyme was de- 
creased while that of a phosphodiesterase capable of destroying 
RNA and present in all our preparations was enhanced. With 
ATP-8-C™ as the tracer, the incorporation of adenine-C™ nv- 
cleotide into RNA could be demonstrated in the presence of 
the soluble fraction of the cytoplasm or more highly purified 
enzyme preparations obtained from this fraction. The rate of 
this incorporation was roughly linear with incubation time up 
to 20 minutes, provided that the amount of enzyme protein 
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added was less than 0.5 mg per ml of the reaction mixture. 
This linear incorporation rate with ATP was observed either 
in the presence or absence of a mixture of the other three ribo- 


nucleoside triphosphates. 


Dialyzed ammonium sulfate fractions without further treat- 
ment (Type I enzyme preparations) or calcium phosphate gel- 
treated enzymes (Type II enzyme preparations), catalyzed the 
incorporation of label into RNA with ATP-C"™ and a mixture 
of nucleoside triphosphates as substrates; this incorporation was 
negligible or absent with ADP-C™ and a mixture of nucleoside 
diphosphates. This is demonstrated in Fig. 4, where, with a 
Type Il enzyme preparation freed of nucleoproteins, ADP-C™ 
plus the mixture of nucleoside diphosphates was completely in- 
active as a substrate during the first 20 minutes of incubation, 
while ATP-C™“, supplemented by the nucleoside triphosphate 
mixture, showed a high initial rate of activity. This indicates 
that ATP is the immediate precursor in the incorporation reac- 
tion. The slight incorporation of ADP-C™ observed after pro- 
longed incubation was probably due to ATP-C" generated from 
ADP-C™ by adenylic kinase present in the enzyme preparation. 

Double reciprocal plots of activity incorporated into RNA 
during 10 minutes incubation, under the conditions outlined 
in Fig. 4, against the ATP concentration added initially, were 
found to be linear. Half saturation for ATP was observed at 
about 6 10-4 mM. 

Dependence of Adenine Nucleotide Incorporation on RNA— 
Figs. 5 and 6 illustrate that the incorporation of adenine nu- 
cleotide into RNA with ATP-C" as the substrate was depend- 
ent on the presence of RNA in the reaction mixture. In the 
absence of added RNA the activity was slight, especially when 
the preparations used were low in endogenous RNA or had been 
preincubated with pyrophosphate and precipitated by ammo- 
nium sulfate. With increasing amounts of RNA added to the 
reaction mixture, an increase in activity could be observed, 
indicating, in this case unambiguously,® that the function of the 
RNA was that of a “primer” or acceptor of the adenine-C™ 
nucleotide derived from C¥*-ATP. 

Specificity for RNA of Different Sources—The soluble cyto- 
plasmic RNA’s from chick embryonic liver, rat liver, and Esch- 
erichia coli were equally active as acceptors of adenine nucleo- 
tide with Type I enzyme preparations. Similar results had 


previously been obtained by others with enzymes corresponding 


to our Type II enzyme preparation, 1.e. one catalyzing incor- 
poration into terminal positions (2, 15, 16). As shown in 
Fig. 6, nuclear and microsomal RNA, isolated from chick em- 
bryonic liver, were also active with our Type I enzyme prep- 
arations but were somewhat less effective than RNA isolated 
from the whole supernatant fraction. These results were in 
contrast to the observations reported by other workers who, 


’In the ordinary pyrophosphate exchange reaction, 7.e., one 
depending on occurrence of the reaction: nR—P—P*—P* = 
(R—P), + P*—P* in both directions, the requirement for the 
polyribonucleotide (R—P), may be rationalized in terms of a co- 
substrate, or cosubstrate generating system, not provided by in- 
dividual components of the reaction mixture (e.g., if the reaction 
is slow from left to right as compared to its rate in the opposite 
direction, then the initial rate of P*—P* incorporation into 
R—P—P*—P* will be slow in the absence of (R—P),). No such 
alternative is possible when adenine nucleotide incorporation is 
used as a measure of enzyme activity, since here we are dealing 
only with the net increase of adenosine phosphate converted to 
an acid-insoluble form. 
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Fic. 3. Formation of P*P%-labeled nucleoside triphosphate 
from RNA. The incubation mixture contained: 0.36 mg of RNA; 
10 uwmoles of Tris buffer, pH 7.5; 5 umoles of unlabeled inorganic 
pyrophosphate, pH 7.5; and for A: 1.83 mg of protein of a 40 to 
70% ammonium sulfate fraction of 14-day-old embryo heart super- 
natant fluid and 2.8 X 10‘ c.p.m. of P#?P*? in a final volume of 1.15 
ml. For B: 4 mg of protein of heart microsomes; 2.56 X 10° c¢.p.m. 
of P#2P%2 in a total volume of 1.05 ml. The tubes were incubated 
at 38°. Assay Method I was used. 


TABLE II 


Effect of nucleoside triphosphates on 
pyrophosphate exchange reaction 


Each tube contained in a final volume of 1.2 ml, 6.15 mg of en- 
zyme protein;* 5 wmoles of Tris buffer, pH 7.5; 5 umoles of inor- 
ganic pyrophosphate, pH 7.5, containing 7.5 X 10‘ c.p.m. of 
0.5 umole of each nucleoside triphosphate or an equimolar mixture 
with the same total amount. The reaction tubes were incubated 
for 5 minutes at 38°. Assay Method I was employed. Maximal 
incorporation of P#*P%: 1.25 104 c.p.m. 


; Total c.p.m. 
Nucleoside triphosphate . incorporated 
in 5 minutes 


Mixture of triphosphate (0.5 umole total) 1745 
ATP (0.5 umole) 2385 
GTP (0.5 umole) 1295 
CTP (0.5 umole) 1200 
UTP (0.5 umole) 1935 


* A 50 to 100% ammonium sulfate fraction of the supernatant 
fluid of a homogenate of 14-day hearts. 


however, used “pH 5 enzyme,” which, as mentioned above, 
corresponds to our Type II enzyme preparation. 

pH Optimum—In our earlier experiments, the reaction mix- 
tures were incubated at pH 7.5. This pH was not optimal 
as disclosed by studies on the effect of pH on enzyme activity 
(Fig. 7). The optimum, with Tris as the buffer, was between 
9.0 and 9.5 for both Type I and II enzyme preparations. The 
presence of Mn** in addition to Mg++ did not influence its 
position. 

Effect of Other Nucleoside Triphosphates—Hecht et al. (2) re- 
ported that incorporation of ATP-C into RNA by “pH 5 
enzyme’’ was stimulated greatly by added CTP, but only slightly 
by GTP and not al all by UTP. Under the same conditions, 
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Fig. 4. Specificity of C'*-ATP and C'4-ADP as the source of 
RNA-adenine nucleotide. The reaction mixtures in a final volume 
of 1.1 ml contained 20 umoles of Tris buffer, pH 9.5; 0.4 mg of RNA; 
0.42 mg of protein of calcium phosphate gel-treated enzyme (Type 
II enzyme preparation) ; 0.603 umole of C'4-ATP (3.22 X 105 c¢.p.m. 
per umole) and 0.25 wmole each of CDP, UDP, and GDP. _Incu- 
bation was performed at 38°. Assay Method II, Procedure A, 
was used for activity determination. 


CTP or UTP-C" was incorporated into RNA, whereas GTP- 
C'* was not. In contrast to this, with our Type I enzyme prep- 
aration, the incorporation of ATP-C™ into RNA was stimu- 
lated by the addition of CTP, UTP, and GTP, singly or in 
combination. As shown in Table III, with a fresh Type I en- 
zyme preparation, the stimulation was 200 to 300%: 300% by 
GTP, and 270% by UTP. The mixture of all three nucleo- 
side triphosphates was slightly more effective than any single 
component at an equivalent concentration. 

Preincubation of RNA and nucleoside triphosphates with 
Type I enzyme preparation did not increase the apparent ac- 
tivity. Any such stimulation may, however, have been ob- 
scured by the fact that preincubation of RNA with the enzyme 
alone, in the absence of any nucleoside triphosphates, already 
resulted in an increase (100%) in the uptake of adenine nu- 
cleotide into RNA, when compared to a control without pre- 
incubation. When the enzyme was tested after aging for 1 
week in the frozen state with two or three thawings, a slight 
decrease in the relative stimulation exerted by CTP was ob- 
served with no change in stimulation by UTP or GTP. This 
aged enzyme when tested in the absence of any added nucleo- 
side triphosphates exhibited an increase in activity of 140%, 
as compared to the fresh enzyme. Since the activities in the 
presence of individual nucleoside triphosphates were about the 
same as those obtained with a fresh enzyme, the increase due 
to the presence of nucleoside triphosphates was thus smaller 
in the case of the aged enzyme. Preincubation of the latter 
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Fig. 5. Effect of RNA on the time course of incorporation of 

adenine nucleotide into RNA. The reaction mixtures in a final 
volume of 1.0 ml consisted of 10 wmoles of Tris buffer, pH 7.5; 5 
umoles of MgCl.; 0.4 mg of RNA, isolated from liver supernatant; 
0.25 umole each of CTP, UTP, and GTP; 0.178 umole of C'4-ATP, 
1.36 X 105 c.p.m.; 7.7 mg of protein of a 60 to 100% ammonium 
sulfate fraction of heart supernatant fluid. Assay Method II, 
Procedure A was used. 


for 15 minutes at 38° in the absence of added RNA or nucleo- 
side triphosphates resulted in a decrease in its capacity to be 
stimulated by the addition of nucleoside triphosphates as com- 
pared to the aged but unpreincubated samples. This decrease 
may have been due to the destruction of the RNA present in 
the enzyme or to the denaturation of the enzyme. 

The stimulation of activity by individual nucleoside triphos- 
phates was quite variable. Some fresh or slightly aged prep- 
arations gave the best activity with CTP (results shown in 
Table III), whereas others exhibited their highest activity with 
UTP or GTP. With aged enzyme preparations often little or 
no stimulation by CTP or GTP could be observed, while a 
significant stimulation by UTP still persisted. 

In Fig. 8, the effect of varying the concentration of individ- 
ual nucleoside triphosphates on the adenine nucleotide incor- 
poration is shown. The experiments were performed with the 
Same enzyme preparation but on three different days. There- 
fore quantitative differences in stimulation by different nuv- 
cleotides are probably not significant, due to the continuous 
variation in stimulation by different nucleotides on aging the en- 
zyme, as mentioned above. Maximal stimulation was observed 
with 0.5 umole of CTP, 0.7 wmole of UTP, or 0.8 umole of 
GTP present in a reaction mixture of 1.1 ml containing 0.178 
umole of C'-ATP. Higher concentrations were inhibitory. 

With Type II enzyme preparations (prepared by repeated 
adsorption on and elution from calcium phosphate gel of a Type 
I enzyme preparation from which ribonucleoproteins had been 
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Fic. 6. Specificity of RNA as acceptor of adenine nucleotide. 
The reaction mixtures in a final volume of 1.2 ml contained 4.62 
mg of protein of a 40 to 70% ammonium sulfate fraction of liver 
supernatant fluid; 20 umoles of Tris buffer pH 9.5; 15 uwmoles of 
MgCl:; 0.178 umole of C!4-ATP, 1.36 X 105c.p.m.; varying amounts 
of RNA from different chick embryonic liver fractions: RNA 
isolated from 30 to 40% ammonium sulfate fraction of chick em- 
bryonic liver supernatant (@), microsomes (A), and nuclei (gj). 
The reaction mixture was incubated at 38° for 20 minutes. Assay 
Method II, Procedure A, was used. 


removed by Mn** and protamine sulfate), no stimulation on 


addition of any of the nucleoside triphosphates or only a slight 
stimulation by UTP could be observed. 

Requirement for Mg**+ and Mn*+—It was not possible to 
obtain a clear-cut demonstration of the effect of Mg** on the 
enzymatic activity by means of the pyrophosphate exchange 
reaction. The inhibition of ribonuclease by Mg++ counter- 
balanced by complex formation of pyrophosphate with Mgt+ 
and fluoride probably interfered. By observing the incorpora- 
tion of adenine nucleotide into RNA, however, it was not 
necessary to purify the enzyme very extensively to show a re- 
quirement of the enzyme system for Mgt*. In the presence of 
dialyzed Type I enzyme preparations (40 to 70% ammonium 
sulfate fraction), the activity was practically nil in the absence 
of added Mg++, as shown in Fig. 9. On the addition of in- 
creasing amounts of Mg**, the activity increased rapidly up 
to4 < 10-4 M, and then a gradual increase in activity continued 
until 1.2 x 10-2 m was reached (Curve A). Further increase 
in Mg++ concentration, above 1.5 X 10-2 M, was slightly in- 
hibitory. Mn++ could replace Mgt*. The optimal stimulation 
with Mn++ was obtained at about 3 = 10-% mM, which was only 
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Fig. 7. Effect of pH on the incorporation of adenine nucleotide 
into RNA. Each tube in a final volume of 1.2 ml contained 15 
umoles of MgCl2; 1 umole of MnCl; 0.25 umole each of CTP, UTP, 
and GTP; 0.178 umole of C'*-ATP, 1.36 XK 105 c.p.m.; 0.4 mg of 
RNA; 4.62 mg of protein of a 40 to 70% ammonium sulfate frac- 
tion of liver supernatant fluid; 20 zmoles of Tris buffer of varying 
pH. The tubes were incubated at 38° for 20 minutes. Assay 
Method II, Procedures A and B, were both used. Since both 
procedures gave essentially the same curve, data obtained by 
Procedure A were plotted here. 


1¢ of the optimal Mg**+ concentration. The extent of activa- 
tion exerted by Mn**+ was almost equal to that obtained with 
Mgt+ when each was measured at its optimal concentration. 
A further increase in Mn++ concentration above 4 x 10-3 m 
decreased the activity (Curve B). In the presence of an op- 
timal concentration of Mg++, Mn++ further stimulated the en- 
zyme activity, with its own optimal conentration under these 
conditions shifted slightly toward lower values (between 1 xX 
10-* m and 1.5 X 10-* m) (Curve C and Curve D‘). 

The addition of Mn** in the presence of Mg*+ not only stimu- 
lated the total incorporation of adenine nucleotide into RNA, but 
also increased the proportion found in internucleotide linkages 
(Table IV). Other metals tested included Fe++, Fe+*+*+, Catt, 
Cut++, Zn++, and Co** at three different concentrations (8.23 
10-3 m, 4.13 K 10-4 and 8.23 10-5 mM), all in the presence 
of 1.25 * 10°? m Mgt*. No stimulatory effects could be ob- 
served except with Co*+*+. A more complete investigation of 
this effect showed that this metal exerted its optimal effect 
at a very low concentration (8.33 xX 10-* mM), but was less than 
14 as effective as Mn++. 

6 In Curves A to C, the data are expressed as total activities found 
in the thoroughly washed acid-insoluble material, whereas in 
Curve D, which represents a separate experiment with a different, 
fresh enzyme preparation, the data are calculated in terms of 
total activities found in the RNA isolated. The apparent greater 


stimulation in this case is not due to this changed method of data 
presentation, but due to the nature of the enzyme used. 
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TABLE III 
Effect of CTP, UTP, and GTP, singly or in combination, 
on adenine nucleotide incorporated into RNA 
with or without preincubation 

The reaction mixtures in a final volume of 1.1 ml contained 20 
pmoles of Tris buffer, pH 9.5; 15 wmoles of MgCl2; 0.4 mg of RNA; 
0.25 umole each of CTP, UTP, and GTP; 0.178 umole of C4-ATP, 
1.36 X 105 c.p.m.; 2.1 mg of protein of a 40 to 70% ammonium 
sulfate fraction of liver supernatant fluid. The tubes were in- 
cubated for 15 minutes after preincubation for 15 minutes. As- 
say Method II, Procedure A, was used. 


Total c.p.m. per sample 
ee ne Experiment 1 Experiment 2 
Without | With pre- | Without | With pre- 
incubation | __—pre- incubation 
incubation | for 15 min® | incubation | for 15 min 
C'4-ATP alone 160 325 380 340 
+ CTP 660 290 550 475 
+ UTP 485 325 505 460 
+ GTP 595 275 635 415 
+ CTP + UTP + GTP — 675 500 


* A freshly prepared enzyme was preincubated in the presence 
of the unlabeled nucleoside triphosphates and RNA; then ATP- 
C4 was added and the incubation continued. 

’ The enzyme preparation was aged for 1 week in the frozen 
state and then preincubated in the absence of RNA or nucleoside 
triphosphates. C'*-ATP, RNA, and nucleoside triphosphates 
were then added and the incubation continued. 


Localization in RNA of the Adenine-C™ Incorporated—In addi- 
tion to the findings with polynucleotide phosphorylase, two 
classes of data have been reported in the literature, viz. those 
dealing with terminal incorporation (1-4, 8, 10) and those de- 
scribing the occurrence of some incorporation into internucleo- 
tide linkages, under rather special conditions (3, 10). For a 
consideration of the biosynthesis of extranuclear RNA in the 
cells of vertebrates the latter group of observations may be 
of greater pertinence. 

Our Type II enzyme preparations, purified more than 10- 
fold from the original fraction, on the basis of total incorpo- 
rating ability, could be shown to bring about incorporation almost 
entirely into the terminal position of the polynucleotide chain. 
This statement is based on studies of the RNA isolated from 
reaction mixtures and examined by the method described by 
Herbert (10). 

In contrast to these findings, when the much cruder Type 
I enzyme preparations were tested under conditions previously 
found optimal for the Type II enzyme, the RNA isolated from 
these experiments contained newly incorporated adenylate in 
nonterminal positions’ to the extent of 10 to 30%. Further- 
more, analysis of the acid-soluble fractions isolated from simi- 


7 As pointed out by one of the referees, Type II may represent 
one of the essential components of the multicomponent system 
present in Type I preparations. By fractionation some enzyme(s) 
and/or cofactor(s) have been removed which were originally 
responsible for the addition of the nonadenylate moieties to the 
polynucleotide chain. As a consequence, only AMP residues can 
be added and incorporation ceases when this has been accom- 
plished. Thus all incorporation appears to be terminal with type 
II preparations. A critical experiment to test this hypothesis 
would be the occurrence of internucleotide incorporation with an 
appropriately supplemented Type II enzyme. 
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Vol. 


C.P M.x 107? (ATP-C'4) IN TOTAL RNA 
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jy» MOLES OF NUCLESIDE TRIPHOSPHATE 
ADDED PER TUBE 

Fic. 8. Effect of nucleoside triphosphate concentration on the 
incorporation of adenine nucleotide into RNA. The reaction mix- 
ture in a final volume of 1.1 ml consisted of 20 uzmoles of Tris buf- 
fer, pH 9.5; 15 wmoles of MgCl2; 0.4 mg of RNA; 0.178 umole of 
C'4-ATP, 1.36 X 105 c.p.m.; 0.7 mg of protein of 40 to 70% am- 
monium sulfate fraction of liver supernatant fluid; varying 
amounts of nucleoside triphosphates. The tubes were incubated 
at 38° for 20 minutes. Assay Method II, Procedure A, was used. 


lar reaction mixtures indicated an even more extensive incorpora- 
tion into internucleotide linkages, based on the demonstration of 
2’- and 3’-AMP in alkaline hydrolysates of these fractions. This 
provides additional evidence for nonterminal incorporation of 
adenine nucleotide, since these entities presumably had their 
origin in RNA or oligonucleotides containing 3’ ,5’-phosphodies- 
ter bonds and not directly in ATP, ADP, or 5’-AMP. 

In a typical experiment, a Type I enzyme preparation was 
added to a large scale incubation mixture and incubated for 
20 minutes. Protein and RNA were removed by addition of 
perchloric acid, and the supernatant neutralized by the addi- 
tion of KOH and chilled. After removal of a precipitate, the 
clear solution was concentrated, made 1 n in KOH, and incu- 
bated at room temperature for 18 hours. The hydrolysate was 
neutralized and 5 uwmoles of 5’-AMP, 5 umoles of 2’-AMP, and 
2.5 umoles of 3’-AMP were added as carriers to an aliquot. 
The mixture was chromatographed on a Dowex 1 column by 
means of the formic acid system to separate the mixture of 
adenylic acids. As can be seen in Fig. 10, the three peaks of 
5’-, 2’-, and 3’-AMP were well separated and eluted in that 
order. The large amount of radioactivity in 5’-AMP formed 
from the initially added C'-ATP by enzymatic as well as chemi- 
cal hydrolysis obscured the exact amount of the radioactivity 
in the 2’-AMP by tailing. On the other hand, the radioactiv- 
ity peak of 3’-AMP coincided exactly with its optical density 
peak. Out of a total of 1.904 x 10° c.p.m. in the C'*ATP 
added to the reaction mixture, only 1.2 < 10‘ c.p.m. were in- 
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Fic. 9. Effect of Mg*t* and Mnt* on the incorporation of adenine 
nucleotide into RNA. The reaction mixture in a total volume of 
1.2 ml consisted of 20 umoles of Tris buffer, pH 9.5; 0.4 mg of RNA; 
0.25 umole each of CTP, UTP, and GTP; 0.178 umole of C'*-ATP, 
1.36 X 105 c.p.m. (0.79 we per umole); 2.1 mg of protein of a 40 to 
70% ammonium sulfate fraction of liver supernatant fluid for 
Curves A, B, and C, and 4.1 mg of protein of a 45 to 60% ammo- 
nium sulfate fraction of liver supernatant for Curve D; with in- 
creasing amounts of: Mgt* (2) for Curve A, Mn** (QO) for Curve 
B, Mn*+ with 1.25 X 10-* m Mgt* for Curve C (A) and Curve D 
(@). The tubes were incubated at 38° for 20 minutes. Assay 
Method II, Procedure A, was used in preparing counting samples 
for Curves A, B, and C. RNA was isolated from samples by 
Assay Method II, Procedure B, and counts per minute per total 
RNA isolated for each sample were used for Curve D. 


corporated into the isolated, acid-insoluble RNA, whereas 9.3 
Xx 10? c.p.m. were recovered in the 3’-AMP fraction of the 
hydrolyzed, acid-soluble portion. The aliquot analyzed cor- 
responded to exactly one half of the total. Therefore 1.86 x 
10‘ c.p.m. of the added activity was recovered in the 3’-AMP. 
If we assume approximately equal partition of activity between 
the 2’- and 3’-isomers during hydrolysis, the total adenylate 
originally present as phosphodiester in the acid-soluble fraction 
would account for approximately 4 xX 10‘ c.p.m., or 3 times 
the activity found in RNA. 

This finding indicates that incorpuration of adenine nucleo- 
tide in internucleotide linkage in RNA may have been much 
more extensive than suggested by the observations made on 
the isolated acid-insoluble RNA proper, provided that the ac- 
tivity in the acid-soluble fraction was due to enzymatic break- 
down of freshly formed RNA in the course of the experiment. 
An alternative, though much less likely interpretation would 
be the possible occurrence of an enzyme capable of forming cyclic 
3’,5’-AMP from ATP (36) in these preparations. This cyclic 
3’,5’-AMP might then give rise to 3’-AMP either enzymati- 
cally or chemically under the conditions employed here.® 

The results in Table IV show the extent of the incorporation 


§ In all other systems studied cyclic 3’,5’-AMP yields exclusively 


5’-AMP on enzymatic hydrolysis and is stable under the condi- 
tions of alkali treatment used here. 
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Fig. 10. Occurrence of 2’- and 3’-AMP in an alkaline hydroly- 


sate of the acid-soluble fraction of the reaction mixture. Each 
reaction flask (in duplicate) contained 140 uwmoles of Tris buffer; 
105 wzmoles of MgCl2; 2.5 wmoles each of CTP, UTP, and GTP; 
1.25 umoles of C'4-ATP, 9.52 X 105 c.p.m.; 2.1 mg of protein of a 
40 to 70% ammonium sulfate fraction of liver supernatant fluid. 
The flasks were incubated at 37° for 15 minutes. RNA was iso- 
lated by Assay Method II, Procedure B. The radioactivity found 
in total RNA was 1.2 X 10‘ c.p.m. 

One half of the acid soluble fraction was made 1 N in KOH after 
neutralization of the solution and left at room temperature for 
18 hours. The hydrolysate was neutralized with perchloric acid, 
centrifuged, and the supernatant concentrated under reduced 
pressure. After removal of KCIQO, in the cold, to the solution 
was added 5 umoles of 5’-AMP, 5umoles of 2’-AMP, and 2.5 umoles 
of 3’-AMP, all unlabeled. This mixture was applied to a column 
(10 X 1 cm?) of Dowex 1-formate. Elution was started with water 
and then continued with formic acid. The method used was the 
extended gradient elution system of Hurlbert et al. (32). Peaks 
were identified by their positions determined in previous runs 
with authentic samples under identical conditions. CMP was 
identified also by its optical density ratio at 260 and 275 my (10). 
The actual radioactivities in tube number 135 to 250 (the dotted 
area in the figure) were 10 times those shown in the figure. 


of adenine-C™ nucleotide into RNA with a standard incuba- 
tion mixture containing C'-ATP, a mixture of CTP, UTP, and 
GTP, and Type I enzyme preparations. In these experiments, 
the RNA, isolated from the reaction mixture after incubation, 
was hydrolyzed by dilute alkali, and the hydrolysate after ad- 
dition of adenosine and 2’- and 3’-AMP was chromatographed 
on paper in the isobutanol-NH,OH-H;0 system described under 
“Methods.” In the absence of Mg*+, the total incorporation 
of adenine nucleotide into RNA was very small. Upon analy- 
sis of the isolated RNA, the radioactivity found in 2’- and 3’- 
AMP was, however, 28% of the total incorporated. Even this 
relatively low nonterminal incorporation was much greater than 
that observed with Type II enzyme preparations tested under 
the standard conditions in the presence of optimal concentra- 
tions of Mg++. Addition of Mgt+ (1.25 x 10-* m) to the Type 
I system resulted in an increase in the radioactivity in 2’- plus 

‘-AMP to 36%. When the Mgt+ was replaced by 8.23 x 
10-4 m Mnt+*, the optimal concentration, the activity in 2’- plus 
3’-AMP was 52%. When both Mg++ and Mnt+ were added 
to the reaction mixture at their respective optima, the effect 
was additive (74% of the activity in 2’- plus 3’-AMP). Further 
addition of spermidine or cadaverine to the above system led 
to a recovery in 2’- plus 3’-AMP of about 80% of the activity 
added. | 

In a separate, large scale experiment with another Type I en- 
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TaBLe IV 
Localization of adenine-C'* nucleotide in 
alkaline hydrolysate of RNA 

For the paper chromatograms, the basic reaction mixture in a 
final volume of 5.0 ml consisted of 60 wmoles of Tris buffer, pH 
9.5; 1.6 mg of RNA; a mixture of CTP, UTP, and GTP, 1 umole 
each; 0.712 wmole of C'4-ATP, 5.44 & 10° c.p.m.; 20.4 mg of pro- 
tein of a 30 to 60% ammonium sulfate fraction of liver supernatnat 
fluid, plus other components as indicated. The tubes were incu- 
bated at 38° for 20 minutes. 
0.1 Nn KOH for 90 minutes at 100°, and neutralized with perchloric 
acid. After removal of KCIO,, the preparation was concentrated 
under reduced pressure. To each sample, 0.5 umole of adenosine 
and 0.25 wmole each of 2’- and 3’-AMP were added and chromat- 
ographed (see text for details). 

For the column chromatograms, the basic reaction mixture in 
a final volume of 10 ml contained 20 uwmoles of NaF; 200 umoles 
of Tris buffer, pH 9.5, 80 umoles of creatine phosphate; 40 umoles 
of phosphoenolpyruvate; 1.78 of C'4-ATP, 1.36 106c.p.m.; 
21 mg of protein of 40 to 70% ammonium sulfate fraction of liver 
supernatant; 2 mg of RNA; with or without mitochondria and 


nuclei. Other procedures were the same as above. Assay 
Method II, Procedure B, was used. 

Per cent 

lace. C.p.m. C.p.m. |of total 

Addition bation | Method of analysis | ™ A BE activity 

lod an eno- | in 2'- 

3’-AMP | sine and 

3’-AMP 


Mg** (1.25 X 107? Mm) 0 Paper chroma- 16 51 24 


+ Mn** (8.33 X togram 
10-4 m) 
None 20 | Paper chroma- 26 67 | 28 
togram 
Mg** (1.25 10-2m) | 20 | Paperchroma- | 416 | 757 36 
togram 
Mn** (8.23 X 10-*m) | 20 | Paperchroma- | 1320 | 1250 | 52 
togram 
Mg** (1.25 X 10-?m) | 20 | Paperchroma- | 795 | 279) 74 
+ (8.23 X togram 


10-4 m) 

Same asabove+ca- | 20 
daverine (4 1073 
M) 

Same as above + | 20 
spermidine (3.5 X 
10-3 m) 

Mg** (1.5 X 10-7 Mm) | (20 


Paperchroma- | 878 | 164) 84 
togram 


Paperchroma- | 540/ 82 
togram 


Column chro- | 1506 | 388 |) 82 


matogram 
Same as above + | 20 | Column chro-;| 822) 324) 72 
nuclei + mito- matogram 
chondria 


zyme preparation, the basic incubation mixture contained NaF, 
phosphocreatine, and phosphoenolpyruvate in addition to the 
standard reaction mixture containing 1.5 xX 10-7? m Mgt+. 
After incubation, the RNA isolated from the sample contained 
after hydrolysis 80% of its total activity in the AMP fraction 
as determined by column chromatographic analysis. The ad- 
dition of nuclei and mitochondria to another aliquot of the 
enzyme, and tested in the same system, slightly lowered the 
radioactivity incorporated. 

Effect of Anionic Polymers—In attempts to inhibit phospho- 
mono- and di-esterases interfering with the present assay system, 
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the effect of adding anionic polymers was studied. The latter 
had been reported to inhibit ribonuclease (22, 37, 38) and phos- 
phatases (39, 40). Polyvinyl sulfate, synthesized by the method 
of Nomura et al. (22), markedly inhibited the incorporation of 
adenine nucleotide into RNA. An 80% inhibition was ob. 
served at a concentration of 0.17 mg per ml, whereas 0.33 mg 
gave 100% inhibition. Heparin was less inhibitory. Reaction 
mixtures of 0.10 and 0.19 mg per ml resulted in 27 and 40% 
inhibition, respectively. One mg of heparin was _ necessary 
to reduce the enzyme activity to 50%, and 2 mg per ml were 
needed to cause 80% inhibition. No stimulatory effects could 
be observed with polyvinyl] sulfate or heparin even at very low 
concentrations. 

-Other polymers tested included chitosan sulfate, chondroitin 
sulfate, chitosan N-sulfate, alginic acid, and three forms of 
polyethylene sulfonate with molecular weight of 5,700, 12,900, 
and 27,600. As shown in Table V, these compounds gave vary- 
ing degrees of inhibition. In case of the polyethylene sulfonates, 
added at a concentration of 0.2 mg per ml, the extent of inhibi- 
tion observed appeared to be a direct function of molecular 
weight. This group of polymers, when tested at a lower con- 
centration (about 0.04 mg per ml), as shown in Table V, showed 
a slight stimulation (10 to 30% above the control activity) 
of adenine incorporation into RNA. 

DNA was also found to be inhibitory to the enzyme. As 
can be seen in Table VI, 0.12 mg per ml gave 40% inhibition. 
The inhibition, when compared with the polymers mentioned 
above, was not very striking, especially considering the high 
molecular weight. At concentrations smaller than 0.007 mg 
per ml of reaction mixture, there was noted a distinct stimu- 
lation, much more pronounced than that manifested by any 
of the other polymers tested. Nearly 80% stimulation could 
be obtained at 0.003 mg of DNA per ml. 

Effect of Cadaverine and Spermidine—It has been observed by 
one of us (41) that polyamines such as cadaverine or spermidine 


TABLE V 


Effect of anionic polymers on adenine 
nucleotide incorporation into RNA 

The reaction mixtures in a final volume of 1.2 ml consisted of 20 
umoles of Tris buffer, pH 9.5; 15 umoles of MgCl2; a mixture of 
CTP, UTP, and GTP, 0.25 umole each; 0.178 umole of C4-ATP, 
1.36 X 105 c.p.m.; 2.1 mg of protein of a 40 to 70% ammonium sul- 
fate fraction of liver supernatant fluid; varying amounts of ani- 
onic polymers. The reaction mixtures were incubated at 38° 
for 20 minutes. Assay Method II, Procedure A, was used. 


Per cent activity of the control at 
concentration of anionic polymers, 
Anionic polymers mg per sample: 
0.000 | 0.025 | 0.050 | 0.100 | 0.250 |0.500 
Chitosan sulfate 100 | 98} 130; 110; 91 | 58 
Chondroitin sulfate 100 | 101 | 116 | 105 | 96 | 63 
Chitosan N-sulfate (sulfo, oxi- | 100 | 101 | 109 | 109 | 96 | 47 
dized) 
Chitosan sulfate (ester) 100 | 74; 100; 73)! 46); 30 
Alginic acid sulfate 100 | 76; 113; 91) 37) 21 
Polyethylene sulfonate 
1754/c 100 | 86) 115 | 100 | 101 | 87 
1993/95 100 | 88 | 105 101 30 | 18 
1947/A 100; 84/110 60; 36) 15 
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exert a strong protective effect on urea-treated bacteriophage. 
Since these compounds are known to inhibit ribonuclease (42), 
spermidine and cadaverine were tested to determine whether 
they could protect the RNA added to the reaction mixture against 
denaturation or enzymatic degradation. As shown in Table VII, 
a stimulatory effect was observed at relatively high concentra- 
tion. At 0.007 M, cadaverine stimulated 20 to 30%, and at 
0.0039 M, spermidine gave over 60% stimulation. Concentra- 
tions greater than 0.01 m were inhibitory. In contrast to the 
anionic polymers, these polyamines were inhibitory at low con- 
centrations (<3.9 * 10-4 m). Addition of these compounds 
(at 3.9 X 10-3 m) to the reaction mixture resulted in a slight in- 
crease in nonterminal incorporation of adenine nucleotide into 


RNA. 
DISCUSSION 


Four different types of soluble enzymes or enzyme systems 
responsible for the incorporation of mononucleotide units into 
polynucleotides have been demonstrated: polynucleotide phos- 
phorylase (14), DNA polymerase (11-13), the enzyme (system) 
responsible for the formation of the proper terminal nucleo- 
tide sequence in (amino acid) transfer RNA (15-18), and the 
Type I system described here. The latter may be identical 
with, or related to, those described by Herbert (10) and Edmonds 
and Abrams (3). It has been localized in the soluble portion 
of the cytoplasm of embryonic cells, where it appears to be 
present at a fair level of activity. 

Several salient features have emerged even at this relatively 
preliminary stage of our investigations, and with the use of 
quite crude preparations. 

1. The system requires a macromolecular polynucleotide as 
a “primer.” In this it is unlike polynucleotide phosphorylase’ 
but resembles the other two systems cited above. 

2. The substrates utilized are the ribonucleoside tri-phos- 
phates and thus the inorganic product of the reaction is pyro- 
In this the system under inves- 
tigation again differs from polynucleotide phosphorylase, but 
resembles the other two. 

3. The system appears to be capable of bringing about the 
incorporation of adenylate units in positions adjacent to any 
of the other three monomeric units of RNA, whether present 
originally or newly incorporated. As a corollary it also appears 
to be capable of incorporating all three: guanylate, cytidylate, 
and uridylate. In this it differs from the third system cited 
but resembles the first two. 

4. The system appears to be capable of incorporating the 
nucleotides into nonterminal positions, 7.e. into the interior of 
the polynucleotide chain in internucleotide linkage. In this 
again it differs from the third system but resembles the other 
two. 

5. The system is probably complex: more than one enzyme 
and cofactor appear to be necessary for its proper function. 


* In this discussion we shall restrict ourselves to a consideration 
of the reaction catalyzed by the relatively novel Type I enzyme 
system and omit discussion of the Type II enzyme system. The 
latter, although more purified, catalyzes incorporation of adenyl- 
ate into a terminal position and appears to bear a close resem- 
blance to the one described by Hecht et al. (2). 

10 The reaction catalyzed by polynucleotide phosphorylase also 
requires a primer (43). However, in contrast to the other re- 
actions, the primer requirement can be met, in this instance, by 
acid-soluble oligonucleotides of quite short chain length (44). 
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TABLE VI 

Effect of DNA on incorporating adenine nucleotide into RNA 

Each tube contained in a final volume of 1.3 ml: 5.1 mg of pro- 
tein of a 30 to 60% ammonium sulfate fraction of liver supernatant 
fluid; 20 umoles of Tris buffer, pH 9.5; 15 umoles of MgCl:; 1 umole 
of MnCl; 0.4 mg of RNA; a mixture of CTP, UTP, and GTP, 0.25 
umole each; 0.178 umole of C'4-ATP, 1.36 K 10°c¢.p.m. The tubes 
were incubated at 38° for 20 minutes. Assay Method II, Pro- 
cedure B, was used. 


DNA (mg) per ml C.p.m. per mg Per cent over 

of reaction mixture of RNA the control 
None 1910 100 
0.003 2840 154 
0.006 2720 148 
0.013 2040 107 
0.018 1810 95 
0.031 1785 94 
0.043 1630 86 
0.062 1630 86 
0.092 1070 56 
0.123 890 47 

TaBLe VII 


Effect of cadaverine and spermidine on adenine 
nucleotide incorporation into RNA 
The experimental conditions were the same as in Table VI with 
varying amounts of cadaverine or spermidine in place of DNA. 


Addition = ot RNA = 

None 315 100 1044 100 
Cadaverine 

0.0077 Mm 360 114 1333 128 

0.0039 Mm 390 124 | 1500 143 

0.00077 m 180 57 S64 83 

0.00039 m 105 33 564 o4 
Spermidine 

0.007 Mm 450 + 125 1022 98 

0.0039 mM 555 176 1667 160 

0.00077 m 390 124 972 93 

0.00039 m 240 76 632 61 


In this there is a striking difference from both polynucleotide 
phosphorylase and DNA polymerase, both of which appear to 
be single enzymes rather than complexes or systems of enzymes. 

The evidence for Point 1 and 2, and with AMP at least, for 
Point 4 appears to rest on a reasonably firm and direct experi- 
mental base. Evidence for Point 3 on the other hand is, at 
best, indirect: it depends on the demonstration that the incor- 
poration of AMP into nonterminal positions of the polynucleo- 
tide chain was stimulated by GTP, UTP, and CTP added 
either singly or in combination, whereas incorporation into 
terminal positions was unaffected by these additions. Obvi- 
ously a more direct demonstration, such as the incorporation 
of the other C'™- or tritium-labeled ribonucleoside triphosphates 
would be desirable. These experiments are now in progress. 

Evidence for Point 5 is provided by experiments on the effect 
of aging on enzymatic activity. Although by no means as 
reproducibly as is desirable, it has nevertheless been possible 
to show on several occasions that stimulation by UTP is a 
great deal more resistant to this treatment than that by GTP 
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or CTP, and could thus be selectively retained. Contributory 
evidence is also provided by a study of the effects of Mn++ 
ions. This metal at a low concentration not only replaced Mg++ 
in its essential role for either terminal or nonterminal incor- 
poration, but also markedly increased the total amount of ade- 
nine incorporated. In its presence a high proportion of the 
incorporated activity was found in internucleotide linkages. This 
effect was especially striking in experiments with saturating 
levels of Mg++. There was then observed an added stimu- 
lation by Mn**, again suggesting the presence of more than 
one enzyme. At this stage an alternative or supplementary 
interpretation can, however, not be excluded: both Mn++ and 
Mg*+ are known to inhibit pancreatic ribonuclease. If the 
phosphodiesterase(s), present in our preparations, were similarly 
affected, then addition of the metals would prevent the degra- 
dation of the newly formed RNA, containing labeled adenylate, 
and result in an apparent enhancement of the incorporation 
of the latter. The demonstration of a sizable pool of nonter- 
minal, but acid-soluble AMP in the experiment of Fig. 10 (which, 
however, was performed before the requirement for Mn++ be- 
came known) may be due to a similar, phosphodiesterase-cata- 
lyzed, breakdown of freshly formed RNA to the oligonucleo- 
tide level. 

With the provisions indicated, the Type I enzyme system 
may then be visualized as catalyzing the following reaction: 


n(NMP—PP) + RNA = (NMP),—RNA + nPP,— 


Whether this enzyme system is actually responsible for the net 
synthesis of cytoplasmic RNA and whether its distribution ex- 
tends to adult as well as embryonic tissues must remain moot 
at this time. 

The effects exerted by the polyamines, cadaverine and spermi- 
dine, may be rationalized as follows: these compounds are known 
to inhibit ribonuclease. This mode of action may be invoked 
to account for both the stimulation of total incorporating ac- 
tivity, and the slight enhancement of the extent of internu- 
cleotide incorporation, observed at relatively elevated levels of 
these compounds. It cannot explain the inhibition of incor- 
porating activity caused by either amine added at low concen- 
trations. An alternative explanation would be to postulate 
bindiyg of the amines by both the incorporating enzyme, rela- 
tively strongly and thus predominating at low amine concen- 
trations, and the polynucleotide primer, relatively weakly and 
important only at a more elevated concentration. If the last- 
named interaction were to lead to a changed configuration of 
the polymer, either more reactive towards the reaction under 
investigation, or more resistant to the action of lytic enzymes, 
then the strange biphasic response is explicable: at low con- 
centrations of amine there is inhibition of the enzyme but at 
elevated levels this effect is more than compensated by a greatly 
enhanced activity of the substrate. 

The more ordinary biphasic behavior of polyanions (stimu- 
lation at low, inhibition at higher, concentrations) on the other 
hand, may be due entirely to their structural similarity to, 
and competition with, polyribonucleotide for various enzymes. 
With small amounts of added polyanion, the latter is bound 
entirely to, and inactivates enzymes interfering with, the re- 
action proper, t.e. ribonuclease and other phospho-di- and mono- 
esterases, since polyanions are known inhibitors of these enzymes 
(42). This inactivation would give rise to an apparent stimu- 
lation of the incorporating activity. As the amount of poly- 
anion increases, it is able to compete with RNA not only for 


Incorporation of Adenine Nucleotide into RNA 


Vol. 235, No. 5 


enzymes for which it has a relatively high affinity, such as 
the phosphoesterases, but also for the enzyme system under 
study, giving rise to net inhibition. DNA is a polyanion, more 
closely resembling RNA in its gross over-all structure than 
any of the other polymers tested. Its greater effectiveness as 
an activator may be due entirely to this close structural rela- 
tionship. It is somewhat surprising, however, that this effect 
is not matched by a greater effectiveness as an inhibitor at 
high concentrations. 


SUMMARY 


Chick embryonic tissues contain an enzyme system cata- 
lyzing the incorporation of labeled pyrophosphate into nucleo- 
side tri- but not diphosphates, in the presence of added cyto- 
plasmic ribonucleic acid (RNA). 

The same preparations were also capable of incorporating 
C'-adenosine triphosphate (ATP) into added RNA both in the 
presence or the absence of other nucleoside triphosphates. The 
crude enzyme (Type I enzyme preparation) yielded a more 
highly purified preparation (Type II enzyme preparation) by 
fractionation. Both Type I and II enzyme preparations re- 
quired Mgt+ for ATP-C" incorporation and showed no incor- 
poration of adenosine diphosphate-C even in the presence of 
mixtures of cytosine diphosphate (CDP), uridine diphosphate 
(UDP), and guanosine diphosphate (GDP). The pH optimum 
for ATP-C" incorporation was between 9.0 and 9.5. With the 
Type II enzyme preparation, the incorporation of ATP-C" into 
RNA was essentially unaffected by the addition of cytosine 
triphosphate (CTP), uridine triphosphate (UTP), guanosine tri- 
phosphate (GTP), or a mixture of the three, and could be shown 
to be mostly at the terminal position of the polynucleotide chain. 

The ATP-C uptake into RNA catalyzed by the Type I 
enzyme preparations was stimulated 2- to 5-fold by the addi- 
tion of CTP, UTP, and GTP, singly or in combination. In 
the presence of a mixture of the three triphosphates and of 
an optimal concentration of Mgt+, the enzyme activity was 
further stimulated by the addition of Mn++. Under these con- 
ditions some 70 to 80% of the total incorporated activity could 
be demonstrated to be in internucleotide linkage. 

The enzyme activity was inhibited by anionic polymers in- 
cluding deoxyribonucleic acid (DNA) at relatively high con- 
centrations. At lower concentrations there was some stimula- 
tion of activity, with DNA more effective than the other agents 
tested. 

Spermidine and cadaverine stimulated enzymatic activity at 
relatively high, but were inhibitory at lower concentration. 

The significance of these findings with regard to the synthe- 
sis of RNA in the cytoplasm of animal cells is discussed. 
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Structure of the Adenylcobamide Coenzyme: Degradation 
by Cyanide, Acid, and Light* 
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The isolation of an adenylcobamide coenzyme that is required 
for the interconversion of glutamate and 8-methylaspartate by a 
bacterial enzyme system has been described and some properties 
of the coenzyme have been reported (1, 2). The spectrum of 
the coenzyme is very different from that of the cobamide vita- 
mins, such as cyanocobalamin (5,6-dimethylbenzimidazolylco- 
bamide cyanide, vitamin Biz) and pseudovitamin Bi2 (adenylcoba- 
mide cyanide). The latter compounds and their previously 
known derivatives have a prominent absorbancy maximum in 
the 350- to 367-my region of the spectrum, which is entirely 
lacking in the adenyleobamide coenzyme. The coenzyme differs 
chemically from pseudovitamin B,z by containing not one but 
two adenine moieties. Exposure of the coenzyme to cyanide, 
acid, or visible light causes inactivation and modification of the 
spectrum to a shape characteristic of the appropriate form of 
cobamide vitamin. This change in spectrum has been found 
also to be associated with a release of adenine or an adenine deriv- 
ative. The present paper describes some of the chemical changes 
that accompany inactivation of the coenzyme by cyanide, acid, 
and light, and interprets these results in terms of the coenzyme 
structure. 


EXPERIMENTAL 


Materials and Methods 


The adenyleobamide coenzyme and the enzyme system for 
determining coenzyme activity were prepared from Clostridium 
tetanomorphum (2). Several samples of the coenzyme were used 
in the course of this investigation. The degree of purity, judged 
on the basis of specific activity, ranged from about 80 to 95%. 
The main impurity was a corphyrin with a spectrum, and pre- 
sumably a structure, very similar to that of the coenzyme but 
possessing little or no activity. No relation could be detected 
between the purity of the coenzyme sample and the nature or 
amount of the products formed by degradative procedures. Co- 
enzyme solutions were fully protected from light unless otherwise 
stated. 

Absorption spectra were determined with a model 14 Cary 
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spectrophotometer, with the use of silica cells having a working 
volume of 1 ml and a 1-cm light path. Other spectrophotometric 
determinations were done with a model DU Beckman spectro- 
photometer equipped with a photomultiplier. Paper ionophore- 
sis was done by the method of Crestfield and Allen (3) with the 
use of Whatman No. 1 filter paper. The same paper was used 
for paper chromatography by the ascending method. 

Ribose was determined by the orcinol method (4) with absorb- 
ancy measured at 670 muy, and orthophosphate by the method 
of Fiske and SubbaRow (5). Adenine was determined either by 
its absorbancy at 260 my in neutral solution, with a molar ex- 
tinction coefficient of 13.6 * 10° cm? per mole, or by the colori- 
metric method of Loo and Michael (6). 

The concentration of purified adenylcobamide coenzyme was 
calculated from its absorbancy at 263 or 458 muy in neutral solu- 
tion and the corresponding molar extinction coefficients of 45.3 x 
10° and 8.75 X 10° cm? per mole, respectively (2). The concen- 
tration of pseudovitamin By in neutral solution was calculated 
from its absorbancy at 360 to 361 my with the use of a molar 
extinction coefficient of 27.8 < 106 cm? per mole, estimated from 
the data of Dion et al. (7). Coenzyme activity was determined 
enzymatically by the spectrophotometric assay (2). 

Ion exchange chromatography was done with analytical grade 
Dowex 50, 2% cross-linked, 200 to 400 mesh, obtained from 
Bio-Rad Laboratories. Before use the resin was equilibrated 
with 2 mM sodium phosphate buffer pH 2.5 and then was washed 
with water until the effluent was free of phosphate. Column 
chromatography of coenzyme decomposition products was done 
in dim light at room temperature unless the product was found 
to be light-sensitive. In this event the column was fully pro- 
tected from light and kept at 3°. Eluate fractions were generally 
collected by means of an automatic fraction collector. When 
eluate fractions were used for paper chromatography or paper 
ionophoresis they were concentrated under reduced pressure at a 
temperature not exceeding 50°. 

The authors are indebted to Dr. J. J. Pfiffner, Parke, Davis and 
Company, for a sample of pseudovitamin Byz and to Dr. E. L. 
Smith, Glaxo Laboratories Ltd., and Dr. S. K. Kon, University 
of Reading, for samples of Factor B (corphinamide cyanide). 


I. Decomposition by Cyanide 


The addition of KCN to an unbuffered solution of the adenyl- 
cobamide coenzyme caused inactivation, a color change from 
orange to purple and a modification of the absorption spectrum 
as shown in Fig. 1. The purple color and the spectrum in 0.1 
M KCN in the region above 300 my are characteristic of the 
dicyano form of the cobamide vitamins. 
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The rate of decomposition of the coenzyme by cyanide could 
be conveniently followed by measuring the absorbancy change at 
578 mu, where the extinction coefficient of the product was about 
20 times greater than that of the coenzyme, or at 367 my, where 
the extinction coefficient was about 3.5 times greater. The rate 
of reaction was dependent on both the total concentration of 
cyanide and the pH. The effect of pH was such as to indicate 
that cyanide ion rather than HCN was the active species, the 
rate increasing rapidly with increasing pH. For example, at pH 
4 in the presence of 0.04 m KCN, no increase in absorbancy at 
367 mp was observed; at pH 7 in the presence of 0.02 m KCN 
the absorbancy increased slowly over several hours at 24°; and 
at pH 10 under otherwise identical conditions the reaction was 
complete within 10 minutes. 

The influence of several KCN concentrations on the time 
course of the reaction in an unbuffered solution is shown in Fig. 
2. With 0.1 m KCN the reaction at 25° was complete within 


- about 3 minutes, whereas with 0.01 m KCN about 12 minutes 


- was required. In a separate experiment coenzyme solutions 


that had reached a maximal absorbancy at 578 my as a result of 
treatment with KCN were shown to be completely inactive in 
the enzymatic coenzyme assay.! 

In view of the above results the general procedure adopted 
for complete decomposition and inactivation of the coenzyme in- 
volved the addition of a fresh solution of 2m KCN to an unbuff- 
ered or weakly buffered coenzyme solution to give a final cyanide 
concentration of 0.1 mM. The reaction was then allowed to pro- 
ceed for 8 to 10 minutes at 25° or 15 to 20 minutes at 0°. A 
moderately longer exposure of the coenzyme to alkaline cyanide 
did not cause any further observable chemical change in the re- 


action products. 


The spectrum of the cyanide-inactivated coenzyme was very 
similar to that of the purple dicyano form of pseudovitamin Biz 
in the region from 360 to 600 mp. This fact, combined with 
the knowledge that the adenylcobamide coenzyme, unlike the 
vitamin, contained 2 moles of adenine, suggested that inactiva- 
tion of the coenzyme with cyanide may result in the formation of 


_ pseudovitamin Byz and adenine or closely related compounds. 


To test this hypothesis the following experiment was performed. 

Ia. Separation of Products after Cyanide Inactivation—A solu- 
tion containing 0.96 umole of adenylcobamide coenzyme was ex- 
posed to 0.1 M KCN for 15 minutes at 0° and was then acidified 
to pH 3. Upon acidification the color of the solution changed 
from purple to red, a change that is characteristic of corphyrins 
possessing a nucleotide side chain and is believed to result from 
displacement of the second cyano group by the nitrogen of the 
imidazole ring of the heterocyclic base. After aerating off the 
excess cyanide the solution was run into a column of Dowex 50, 
pH 2.5, and was eluted with successive sodium acetate buffers 
of increasing pH. Fig. 3 shows that the elution pattern, deter- 
mined by absorbancy measurements at 260 my, consisted of two 
red peaks, one large (Peak 1) and one small (Peak 2), and a large 
colorless peak (Peak 3). 

Ib. Identification of Peak 1 (Fig. 3)—The spectrum of the red 
compound in the combined Peak 1 fractions is shown in Fig. 4; 
it can be seen to be virtually identical with that of authentic 
pseudovitamin By. If the compound were pseudovitamin Byz, 
it should contain 1 mole each of adenine and pentose. The 


1-Suitable control experiments established that the apoenzyme 
system is not inhibited by the added levels of cyanide. 
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Fig. 1. Absorption spectra of the adenyleobamide coenzyme in 
water (pH ~ 6.8) and in 0.1 m KCN (pH ~ 10). Both solutions 
initially contained 2.06 X 10-5 m coenzyme. Spectrum 2 was ob- 
— 5 minutes after adding the cyanide to the coenzyme solution 
at 25°. 


KCN Concentration 


“% Change of Absorbancy, 578 my 
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Fic. 2. Effect of cyanide concentration on the rate of coenzyme 
decomposition. The indicated concentrations of KCN were added 
to an unbuffered 1.8 K 10-5 Mm coenzyme solution at zero time. 
The absorbancy change was determined at 25° and is expressed as 
a percentage of the change observed with 0.1 m KCN during 15 
minutes. 


quantitative data presented in Table I are in agreement with 
this expectation. Evidence that the adenine moiety in the Peak 
1 compound was attached to ribose was provided by showing 
that mild acid hydrolysis, under conditions (0.1 N HCl, 85°, 10 
minutes) that released adenine from an N-ribosyl linkage, 
caused the same rapid increase in the 260-my absorbancy of both 
pseudovitamin Biz and the Peak 1 compound (see below, Section 
IIa). The absence of adenine from the red hydrolysis product 
of Peak 1 was confirmed by showing that the typical spectrum 
of the dicyano derivative, formed by the addition of alkaline 
cyanide, was not altered when the solution was reacidified to pH 
4 (see below, Section IIa). 

Further evidence for the identity of the Peak 1 compound was 
obtained by comparing its movement in paper ionophoresis and 
paper chromatography with that of pseudovitamin Biz. The 
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Fig. 3. Separation of the products of cyanide treatment of the 
coenzyme. 0.5 ml of 2m KCN was added to 0.96 umole of adenyl- 
cobamide coenzyme in a total volume of 10 ml. The solution was 
kept at 0° for 15 minutes and then acidified to about pH 3 by addi- 
tion of 0.2 ml of glacial acetic acid followed by dropwise addition 
of 1 nN HCl. The excess HCN was removed by aeration with N; 
for 5 minutes. The solution was then passed inte.a 1-cm diameter 
X 15-cm high column of Dowex 50, pH 2.5, and the column was 
eluted as indicated. Each fraction contained approximately 12 
ml. | 
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Fic. 4. Comparison of the spectra of pseudovitamin B;2 and the 
isolated red product (Peak 1, Fig. 3) of the action of cyanide on 
the adenylcobamide coenzyme. The pseudovitamin B,2 solution 
(H:0, pH ~ 6) was 3.6 X 10-§ M; the coenzyme cleavage product 
solution (0.02 m sodium acetate pH 4.8) was 3.4 X 10-' m. Both 
concentrations were estimated from the absorbancy at 360 my, 
with a molar extinction coefficient of 27.8 X 10cm? per mole. It 
should be noted that the 360 myu/548 my absorbancy ratio of the 
cleavage product is 3.5 which is identical with that reported by 
Dion e al. (7) for pseudovitamin B,2, whereas the absorbancy 
ratio for known pseudovitamin B;2 calculated from the figure is 
2.9. The cause of this discrepancy is not known. 


results, summarized in Table II, show that the two compounds 
moved at the same rates under four different sets of conditions. 
Also both compounds were about equally effective in supporting 
the growth of a cobamide-requiring Escherichia coli mutant (2). 
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The spectrum of the Peak 2 compound indicated that it was a 
corphyrin, probably closely related to pseudovitamin Biz. How- 
ever, since this compound was usually a minor product of the 
reaction with cyanide, no attempt was made to identify it specif- 
ically. 

Ic. Identification of Peak 3 (Fig. 3)—Peak 3, which was color- 
less, showed an ultraviolet absorption spectrum with a maximum 
at 260 mu, which shifted to 267 my on the addition of 0.1 n 
alkali. These spectra were characteristic of free adenine. The 
compound was further characterized as adenine by comparisons 
with an authentic sample in paper ionophoresis and chroma- 
tography. The data presented in Table II confirm the identifica- 
tion. 


TABLE 


Adenine and ribose content of Peak 1 compound obtained by cyanide 
inactivation of the coenzyme 

The material in the combined Peak 1 fractions of Fig. 4 was 
hydrolyzed in 2 n H2SO, for 1 hour at 100°. An aliquot was then 
assayed for adenine colorimetrically according to the procedure 
of Loo and Michaels (6). Ribose was determined on the unhy- 
drolyzed sample by the orcinol method. The quantity of the Peak 
1 compound was calculated from its absorbancy at 360 muy (see 
Fig. 4). 


Experiment Peak 1 Adenine Ribose 
pmole pmole umole 
1 0.026 0.023 0.024 
2 0.36 0.34 Not determined 
TABLE II 


Chromatographic and ionophoretic properties of Peaks 1 and 8 
after cyanide inactivation of the coenzyme 


Paper chromatograms were developed for 18 hours by the as- 
cending method with Whatman No. 1 paper. The corphyrins 
were detected by their red color, and adenine by its ultraviolet 
absorption. The following solvent systems were used. 1, Sec- 
ondary butanol-acetic acid-water, 127:1:50, containing a final 
concentration of 0.1% KCN; 2, secondary butanol-concentrated 
ammonium hydroxide-water, 132:1:50, containing a final concen- 
tration of 0.1% KCN. 

Paper electrophoresis was done with the following solvents. 
System 4, 1.0 N acetic acid containing 0.01 m KCN; 6, 0.05 m 
K,HPQ, containing 0.01 m KCN, final pH 9.7; 6, 0.075 m sodium 
borate. 

Rp is defined as movement relative to picrate with caffeine as a 
marker to correct for electroosmosis. A positive sign indicates 
movement toward the anode (same direction as picrate); a nega- 
tive value indicates movement toward the cathode. 


Paper — aphy Paper electrophoresis (Rp) 
System 1 System 2 System 4 System 5 System 6 
0.08* 0.07* —0.09 +0.29 
Pseudo Biz..... 0.07 0.07 —0.10 | +0.29 
Ser. 0.50 0.45 +0.29 
Adenine........ 0.50 0.45 +0.30 


* A second red spot appeared at Rr 0.10. Standard pseudo- 
vitamin B,;2 cochromatographed with the slower moving spot. 
The second compound was not seen on ionophoresis in the sys- 
tems used. 
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The quantities of adenine and cobamides formed from a known 
amount of coenzyme by treatment with alkaline cyanide were 
determined in two balance experiments. Table III shows that 
approximately 1 mole each of total cobamide and adenine were 
formed per mole of coenzyme inactivated. The actual yield of 
adenine varied from 1.09 to 1.12 moles per mole, the average being 
1.10, and the yield of pseudovitamin Biz varied from 0.69 to 0.81 
moles per mole, the average being 0.75. No free ribose or ortho- 
phosphate was released from the coenzyme during treatment with 
cyanide. 


IT. Products of Mild Acid Hydrolysis 


The adenyleobamide coenzyme has been shown to contain 2 
moles of adenine that were released by hydrolysis in 0.5 n HCl 
for 1 hour at 100° (2). In addition to adenine, one or more red 
corphyrins were formed, possibly cobamide and products of its 
hydrolysis. However, a red compound was apparently not the 
first product of acid hydrolysis. We have observed that when 
0.5 N acid was added to the orange coenzyme and heating begun, 
the solution became more yellow before it turned red. This sug- 
gested that a yellow compound was formed which, being unstable 
to acid, was quickly further decomposed. Consequently, we 
have investigated the acid hydrolysis of the coenzyme under 
much milder conditions and have found that a yellow corphyrin 
is indeed formed by a reaction which removes only one of the two 
moles of adenine. Both adenine and the corphyrin have been 
isolated and characterized. 

IIa. Spectral Changes during Mild Acid Hydrolysis—Fig. 5 
shows the effect of mild acid hydrolysis (0.07 Nn HCl, 85°) on the 
spectrum of the adenylcobamide coenzyme. Changes occurred 
in several regions of the spectrum at unequal rates. The rela- 
tive rates are more clearly shown in Fig. 6 by plotting the ab- 
sorbancy changes at 263, 345, and 530 my as a function of heat- 
ing time. The most rapid change was the increase at 263 mu, 
which reached an apparent plateau after about 10 minutes and 
increased more slowly thereafter. There was also a substantial 
but more gradual absorbancy increase at 345 mu. At 530 mu 
the absorbancy changed very little during the first 10 minutes and 
then underwent a slow increase. The absorbancy changes at 
263 and 530 my suggested that at least two consecutive reactions 
were occurring: a rapid reaction that went to completion in ap- 
proximately 10 minutes, and a slower reaction, or series of re- 
actions, that continued for the duration of the experiment. The 
observed color changes during the hydrolysis again indicated that 
the product of the initial rapid reaction was a yellow compound. 
Furthermore, the absence of a significant absorbancy increase at 
530 my during the first 10 minutes showed that the product could 
not be a typical cobamide vitamin, since all such compounds have 
a much greater absorbancy at 530 my than the coenzyme. De- 
terminations of coenzyme activity after various periods of hy- 
drolysis showed a rapid loss of activity during the first 10 minutes 
which closely paralleled the increase in absorbancy at 263 mu. 
This relation is shown in Fig. 7. 

The correlation between loss of activity and absorbancy in- 
crease at 263 my during the first 10 minutes of hydrolysis sug- 
gested that inactivation under these conditions might be caused 
by the removal of ribonucleotide adenine. Purine analogues of 
vitamin Biz are known to be very sensitive to acid hydrolysis. 
Dellweg and Bernhauer (8), with the use of mild hydrolytic con- 
ditions, have removed adenine from pseudovitamin Biz to form 
cobamide (Factor B-ribose phosphate). We have repeated this 
experiment with pseudovitamin Biz under the above conditions 
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TaBLeE III 

Products of cyanide inactivation of adenylcobamide coenzyme 

The coenzyme solution was treated with 0.1 m KCN for 20 min- 
utes at 0°, acidified to pH 3, aerated to remove HCN, and passed 
over a Dowex 50 pH 2.5 column to separate the various compo- 
nents (see Fig. 3). Calculations of the amount of material in 
Peaks 1 and 2 were based on the absorbancy and a molar extinc- 
tion coefficient of 27.8 X 10° cm? per mole at 360 my. The quan- 
tity of adenine in Peak 3 was calculated from the absorbancy and 
a molar extinction coefficient of 13.6 X 10* cm? per mole at 260 
my. 


Cobamides 
Peak 1 Peak 2 Total 
umole pmole pmole umole umole 
1 0.85 0.69 | 0.18 0.87 0.95 
2 0.32 0.22 0.06 0.28 0.35 


SPECTRAL CHANGES DURING MILD ACID 
HYDROLYSIS OF AC COENZYME 
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Fia. 5. Spectral changes during mild acid hydrolysis of the 
adenylcobamide coenzyme (AC). To 2.3 X 10-? umoles of coen- 
zyme in 2 ml of 0.03 m sodium acetate pH 6.7 was added 0.2 ml of 
1 Nn HCl and the solution was placed in a water bath at 85°. After 
10 minutes, the reaction was stopped by rapid cooling in ice and 
the spectrum of the solution was determined. The same solution 
was reheated for determination of the 30- and 90-minute spectra. 


530 


MINUTES 


Fic. 6. Absorbancy changes during mild acid hydrolysis of the 
AC coenzyme. The conditions were the same as those described 
in the legend of Fig. 5. 
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Fic. 7. Comparison of changes in coenzyme activity and ab- 
sorbancy at 263 my during mild acid hydrolysis. The conditions 
were the same as those described in the legend of Fig. 5. Aliquots 
were removed at the indicated times for the determination of 
coenzyme activity. Absorbancy change is expressed as per cent 
of that which occurred in 10 minutes at 85°. The per cent coen- 
zyme inactivation is equal to 100 — A, where A is the coenzyme 
activity expressed as percentage of that of the unheated solution. 
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Fic. 8. Separation of the products of mild acid hydrolysis 
To 2.09 umoles of AC coenzyme in 15 ml of 0.03 m sodium acetate, 
pH 6.5, were added 1.5 ml of 1 Nn HCl. The solution was heated 
in a water bath at 85° for 10 minutes. After cooling the solution, 
the coenzyme activity was found to be <2% of that in the original 
solution. The solution was adjusted to pH 2.5 with 10 n KOH and 
passed into a l-cm diameter X 15-cm high column of Dowex 50, 
pH 2.5. The elution conditions are shown in the figure. The 
absorbancy of each 9-ml fraction was determined at 260 mu. 


of acid hydrolysis, and have observed a rapid increase in the 
absorbancy at 260 my such as occurred at 263 mu when the co- 
enzyme was hydrolyzed (Fig. 5 and 6). In order to demonstrate 
that the change in absorbancy was associated with the removal 
of adenine from pseudovitamin Bz under our conditions of 
hydrolysis, 0.1 m KCN was added to the hydrolyzed solution to 
form the dicyano derivative and then the solution was acidified 
with acetic acid. If the adenine were still attached, the purple 
dicyano derivative would rapidly change back to its original red 
color as the nucleotide adenine displaced the second cyanide. 
However, corphyrins lacking a complete nucleotide side chain, 
such as Factor B or Factor B-ribose phosphate, remain purple 
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after acidification because there is no nitrogenous base to compete 
with the cyano group. The hydrolyzed pseudovitamin By: re- 
mained purple after acidification of its dicyanide derivative, thus 
demonstrating that the adenine moiety had been lost. Applica- 
tion of this test to the adenyleobamide coenzyme after a 10- 
minute hydrolysis gave the same result and led to the same con- 
clusion. This procedure was also used in the identification of 
pseudovitamin By after cyanide inactivation of the adenyl- 
cobamide coenzyme (Peak 1, Fig. 3) as described in Section Ib. 

IIb. Separation of Products after Mild Acid Hydrolysis—The 
products of mild acid hydrolysis of the coenzyme were further 
examined after separating them on a Dowex 50 column. The 
yellowish solution obtained by hydrolyzing 2.09 umoles of co- 
enzyme in 0.07 N HCl for 10 minutes at 85° was run into a Dowex 
50 column and the components were eluted as shown in Fig. 8. 
The elution pattern contained four ultraviolet light-absorbing 
peaks. Peaks 1 and 2 were yellow, Peak 3 was colorless, and 
Peak 4 was red. Peak 3 was shown to be adenine by its spectral 
characteristics and chromatographic behavior, with methods al- 
ready described in connection with the identification of adenine 
released by cyanide treatment. Peak 4, which accounted for 
only 5% of the coenzyme, presumably represented a product or 
mixture of products from which both adenines had been released. 
It has already been shown that hydrolysis in 1 N HC] at 100° for 
1 hour removes 2 moles of adenine (2). The data of Table IV 
show that slightly more than one mole of adenine was released 
from the coenzyme during a 10-minute hydrolysis under the 
milder conditions used in this experiment. 

The yellow compounds in Peaks 1 and 2 had identical absorp- 
tion spectra. Since Peak 2 was formed in larger amount, equiv- 
alent to approximately 0.76 mole per mole of coenzyme, this com- 
pound was used for further studies. 

IIc. Studies on Peak 2 (Fig. 8)—The spectrum of the combined 
Peak 2 fractions, after elimination of fractions demonstrably 
contaminated with adenine from Peak 3, is compared with that 
of the original coenzyme in Fig. 9.2. The two spectra are very 
similar above 300 my, but the yellow compound has much less 
absorbancy in the 263 my region, presumably as a result of the 
loss of the nucleotide adenine during hydrolysis. 

If this interpretation is correct, the yellow compound should 
still contain an adenine moiety attached to the cobalto-corrin 
structure. Previous experiments (see above, Section I) have 
shown that cyanide rapidly releases adenine, in this position, 
from the adenylcobamide coenzyme. With the intact coenzyme, 
pseudovitamin By is formed. With the yellow compound it 
would be expected, on the basis of the assumed structure, that 
Factor B-ribose phosphate (dicyanocobamide) would be formed 
by release of this adenine. This hypothesis was tested in the 
following manner. Addition of 0.1 M cyanide to the yellow com- 
pound (Peak 2, Fig. 8) resulted in a purple solution of the dicyano 
derivative (absorbancy maxima at 367, 540, and 578 mu) which 
remained purple after the solution was acidified. This solution 
was passed into a Dowex 50, pH 2.5, column to separate the 
components. <A purple component, which was not retained by 
the column, was present in the pass-through and water wash 


2 By assuming that the molar extinction coefficients of the 
adenylcobamide coenzyme and the Peak 2 compound are identical 
at 458 mu, the molar extinction coefficients of the latter were esti- 
mated from the spectra in Fig. 9 to be 31.8, 33.8, 20.8, 8.7, and 
8.75 & 10° cm? per mole at 260, 263, 303, 375, and 458 my, respec- 
tively. 
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TaBLeE IV 
Release of adenine by mild acid hydrolysis 

The coenzyme was hydrolyzed in 0.07 n HCl for 10 minutes at 
85°. After separation of the products by ion exchange chromatog- 
raphy (see Fig. 8), the amount of adenine was estimated from its 
absorbancy at 260 my and the amount of Peak 2 corphyrin from 
its absorbancy at 458 my, suitable corrections being made for con- 
tamination by adjacent peaks. A molar extinction coefficient of 
8.75 X 10° cm? per mole was used to calculate molar quantity of 
the Peak 2 corphyrin. 
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Experiment Adenine formed Peak 
pmoles pmoles umoles 
1 0.57 0.64 Not determined 
2 2.1 2.3 1.6 
Coenzyme 
BF é — Yellow Product of Mild Acid 
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The light sensitivity of the yellow compound was also de- 
termined. Exposure of an approximately 10-5 m solution at 0° 
to light from a 100-watt tungsten filament lamp for 25 minutes 
at a distance of 15 cm caused a maximal alteration of the spec- 
trum and a color change from yellow to salmon pink. Both the 
rate and character of the spectral changes were similar to those 
observed when the adenylcobamide coenzyme was exposed to the 
same light (see below, Section III). The spectrum of the colored 
photolysis product, isolated by adsorption on a Dowex 50, pH 
2.5, column and elution with 0.1 m sodium acetate pH 7.2, was 
similar to that of aquocobalamin with a prominent absorbancy 
maximum at 347 to 349 mu and lower maxima at approximately 
272, 410, 493, and 520 my. When the isolated photolysis product 


TABLE V 


Release of adenine and purple compound by cyanide treatment of 
yellow compound 


The yellow compound from Peak 2 of Fig. 8 was treated with 
0.1 m KCN for 10 minutes at 24°. After acidification to pH 3.0 
with acetic and hydrochloric acids and aeration to remove excess 
cyanide, the purple solution was passed into a Dowex 50 pH 2.5 
column, and adenine and the purple compound were eluted as 
described in the text. 


Absorbancy 


l i L 
250 300 350 400 450 
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Fig. 9. Comparison of the spectra of the AC coenzyme and the 
yellow product of mild acid hydrolysis (Fig. 8, Peak 2). The AC 
coenzyme was dissolved in 0.03 m sodium acetate, pH 6.7, and the 
yellow hydrolysis product in 0.03 m sodium acetate, pH 6.0. The 
concentration of the yellow product was estimated to be 2.0 X 
10-5 m on the basis of its absorbancy at 458 my and an assumed 
molar extinction coefficient of 8.75 X 10° cm? per mole, equal to 
that of the AC coenzyme. To facilitate comparison of the two 
spectra, the concentration of the AC coenzyme was arbitrarily 


_ selected so that its absorbancy was identical with that of the yel- 


low product at 458 mu. 


fractions, and a colorless 260-my absorbing compound, sub- 
sequently proved to be adenine by methods already described, 
was eluted with 0.06 m sodium acetate buffer pH 6.0. Quantita- 
tive analyses, presented in Table V, show that approximately one 
mole each of adenine and the purple compound were released per 
mole of yellow compound by the cyanide treatment. 

The spectrum of the purple compound, shown in Fig. 10, is 
virtually identical with that of authentic Factor B cyanide (di- 
cyanocorphinamide). Pentose determinations showed that the 
purple compound contained approximately one mole of pentose 
per mole of corphyrin. Since pentose is normally attached to a 
corphyrin through a phosphate group, this determination and the 
spectrum strongly indicated that the purple compound was the 
dicvano form of Factor B-ribose phosphate. It should be noted 


that Factor B and its ribose phosphate derivative have the same 
absorption spectra because the ribose phosphate moiety does not 
absorb light. 


Experiment Adenine formedt P 
pmole pmole pmotle 
1 0.15 0.18 0.14 
2 0.14 0.14 0.12 


* Calculated from the absorbancy at 458 my with a molar ex- 
tinction coefficient of 8.75 K 10° cm? per mole. 

-t Calculated from the absorbancy of the peak fractions at 260 
my. 

t Calculated from the absorbancy of the peak fractions at 367 
my with the use of a molar extinction coefficient of 30.4 «K 10° 
cm? per mole. 
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Fic. 10. Comparison of the spectra of Factor B and the product 
formed by cyanide treatment of the yellow product of mild acid 
hydrolysis. To5ml of Fraction 23 (Fig. 8, Peak 2), containing an 
estimated 0.137 uwmoles of the isolated yellow product of acid 
hydrolysis, was added 0.1 ml of 2m KCN. After 10 minutes at 
24°, the purple solution was acidified with glacial acetic acid to 
about pH 4, aerated to remove excess HCN, and passed into a 
l-cm diameter X 3-cm high column of Dowex 50, pH 2.5. The 
column was washed with distilled water. The first three 5-ml 
fractions, consisting of the ‘‘pass through’’ and wash water, were 
purple in color. The spectrum of these combined fractions is 
compared with that of Factor B under the same conditions. To 
facilitate the comparison, the concentration of Factor B has been 
chosen arbitrarily so that the absorbancy of the solution at 367 
my is identical with that of the other corphyrin. 
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Fic. 11. Spectral changes during exposure of the AC coenzyme 
to visible light. A 1.84 X 10-5 m solution of the coenzyme in 
0.03 m sodium acetate pH 6.8 was exposed at 0° to a 100-watt tung- 
sten filament lamp at a progressively decreasing distance of 30 to 
6cm. The time of irradiation in minutes is given on each spec- 
trum. 
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TUBE NUMBER 

Fic. 12. Separation of the photolysis products of the AC coen- 
zyme on Dowex 50. Approximately 10 wmoles of AC coenzyme, 
dissolved in 200 ml of 0.02 m sodium acetate pH 4.3, was exposed 
at 0° to a 100-watt tungsten lamp at a distance of 15 cm for 38 
minutes. No change in the spectrum occurred during the last 
16 minutes of irradiation. The solution was adjusted to pH 2.0 
with 2 Nn HCl] and was run into a l-cm diameter X 30-cm high 
column of Dowex 50, pH 2.5, at 4°. Elution was done with the 
solutions indicated in the figure. The volume of each fraction 
was 10to12ml. Fractions with an absorbancy below 0.1 were not 
plotted. 


was treated with alkaline cyanide, it developed a spectrum 
virtually identical with that shown in Fig. 10, and this spectrum 
was not altered by acidifying the solution. This indicated again 
that the corphyrin lacked the ribonucleotide adenine. The 
colored product of cyanide treatment was probably cobamide 
dicyanide. 

A second product of photolysis of the yellow compound was 
isolated by elution from the Dowex 50, pH 2.5, column with 0.03 
M sodium acetate pH 6.0, ahead of the corphyrin. This product 
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was colorless and possessed a spectrum like that of adenosine 
with an absorbancy maximum at 259 my that did not shift on 
addition of alkali. Although this product was not further char- 
acterized, the observed properties establish that it is similar to, 
if not identical with, one of the colorless ultraviolet light-absorb- 
ing products formed by photolysis of the intact coenzyme (see 
below, Section ITIb, c). 


ITI. Photolysis of Coenzyme 


The adenylcobamide coenzyme has been reported to be un- 
stable in visible light (1, 2). The instability is evidenced by a 
loss of coenzyme activity, by a color change from orange to red, 
and by a striking modification of the absorption spectrum, re- 
sulting in the appearance of new maxima at approximately 352, 
407, 495, and 522 mu. The progressive alteration of the spec- 
trum with time of illumination is shown in Fig. 11. The well 
defined isosbestic points at 335, 367, and 482 my indicated that a 
single photochemical reaction was responsible for the spectral 
changes. The spectrum of the completely photolyzed coenzyme 
solution, above about 300 my, was very similar to that of hy- 
droxocobalamin (9-12) in neutral solution, suggesting that the 
hydroxo form of pseudovitamin By2 was a product of the photol- 
ysis reaction. 

In a further study of the photolysis reaction we have isolated 
and characterized the main red photolysis product. At least two 
colorless ultraviolet light-absorbing compounds were also formed. 
These have been separated and one of them has been identified 
as an adenine derivative. 

IIIa. Separation of Products after Light Inactivation—In the 
experiments to be described, purified samples of the adenyl- 
cobamide coenzyme were inactivated in dilute solution, generally 
2 X 10-5 to2 X 10-*M, by either sunlight or light from a 100-watt 
tungsten filament lamp. The solution was usually kept at 0° 
during the period of light exposure to minimize possible secondary 
reactions. The rate of inactivation was followed by observing 
absorbancy changes at 310 and 351 my. The active coenzyme 
has a 351 mu/310 my absorbancy ratio of 0.52 in neutral solu- 
tion, whereas the fully light-inactivated material has an ab- 
sorbancy ratio of 3.0. Complete inactivation required 5 to 10 
minutes in direct sunlight or about 60 minutes in light from a 
100-watt tungsten filament lamp at a distance of 15cm. When 
the inactivation and spectral changes were complete, the solu- 
tion was acidified to pH 3 and passed into a Dowex 50, pH 2.5, 
column. The components were usually eluted, successively, 
with sodium acetate buffers, 0.03 m pH 4.8 and 0.06 m pH 6.0, 
and with 0.005 m NH,OH. The fractions were assayed by 
determining their absorbancy at 260 mu. 

A typical elution pattern is shown in Fig. 12. Three conspic- 
uous absorbancy peaks were observed. Peaks 1 and 2, eluting 
with 0.06 m sodium acetate pH 6.0, were colorless or nearly so. 
The relative amounts of the Peak 1 and 2 compounds varied 
considerably in different experiments for no apparent reason; the 
Peak 1 compound was usually but not always the more abundant. 
Peak 3 was orange-red in color. It was eluted quickly with dilute 
NH,OH or slowly with 0.06 m sodium acetate pH 6.5. 

IIIb. Studies on Peak 1 (Fig. 12)—Peak 1 always eluted in a 
very narrow band, most of the absorbancy being concentrated in 
one or two fractions. Paper chromatography of the material 
from Peak 1 in several solvent systems yielded only a single 
ultraviolet light-absorbing spot (Table VI). Consequently, 
Peak 1 probably contained only one component having this 
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property. The spectrum of the Peak 1 compound, shown in Fig. 
13, exhibits a sharp absorbancy maximum at 258 my in neutral 
solution, which does not shift upon the addition of alkali. The 
latter property is characteristic of adenine nucleosides but not 
of the free base. The Peak 1 compound gave a positive orcinol 
reaction for pentoses but the reaction was much weaker than 
expected for an equivalent amount of adenosine. Paper iono- 
phoresis in 0.1 m tetraborate buffer pH 9.3 demonstrated that the 
compound was not adenosine or deoxyadenosine. The apparent 
molar ratio of adenine (based on the absorbancy at 258 my and 
an assumed molar extinction coefficient of 15.4 x 10° cm? per 
mole) to pentose (based on the orcinol reaction) was 4:1. The 
compound was shown not to contain phosphate. 

Acid hydrolysis of the Peak 1 compound (0.2 n HCl, 100°, 
40 minutes) gave a single ultraviolet light-absorbing product 
possessing the properties of adenine. It had the same Ry as 
adenine in paper chromatography with four different solvent 
systems (Table VI) and the same mobility as adenine in paper 
ionophoresis at pH 2.5, 3.6, or 9.3. The absorption spectrum in 
neutral and alkaline solution was also typical of that of adenine. 

Both unhydrolyzed and acid-hydrolyzed Peak 1 compound 
gave positive color tests for a carbohydrate-like compound. The 
positive orcinol reaction has already been mentioned. When 
tested on paper chromatograms with heating, an indole-trichloro- 
acetic acid reagent (13) gave a reddish purple color similar to 
that produced by reaction with glyceraldehyde or glycolaldehyde, 
and a p-anisidine-HC]-butanol reagent (14) gave a yellow color 
typical of several sugars. These and other tests established the 
presence of a sugar-like moiety in the Peak 1 compound, but be- 
cause of the small amount of material available, the identifica- 
tion of this portion of the molecule was not possible. 

IIIc. Studies on Peak 2 (Fig. 12)—Peak 2 was always broader 
than Peak 1 and paper chromatography indicated that it was 
inhomogeneous (Table VI). . Peak 2 fractions showed an absorp- 
tion spectrum similar to that of Peak 1 except that the ab- 
sorbancy maximum was at 263 my (Fig. 13). The maximum did 
not shift on the addition of alkali. These fractions gave a weak 
positive orcinol test, but no evidence for the presence of ribose 
could be obtained. After acid hydrolysis an adenine-like com- 
pound was observed, but complete identification was not at- 
tempted. The apparent ratio of adenine to pentose, determined 
as described for the Peak 1 compound, was about 2:1. No 
phosphorus was detected in the Peak 2 fractions. 

IIId. Identification of Peak 3 (Fig. 12)—The Peak 3 compound 
was further purified in the following way. Appropriate fractions 
from several Dowex 50 columns were combined to give a total 
of approximately 11 wmoles of the Peak 3 compound, calculated 
from its absorbancy at 352 my and a molar extinction coefficient 
of 26.7 < 10° cm? per mole, in 37 ml. The solution was shaken 
twice with 0.1 volume of phenol and the extracted red compound 
was displaced back into water by the addition of ethyl ether (2). 
The aqueous solution was freed of phenol by two extractions with 
ether and the dissolved ether was removed by aeration. After 
the addition of four volumes of acetone to the aqueous solution 

and storage for several days at 3°, the compound crystallized as 
rosettes of red needles. The material was twice recrystallized 
by dissolving it in a minimal amount of water and adding 5 to 8 
volumes of acetone. The final product was washed with acetone 
and ether and dried in air. The total yield of crystalline product 
was approximately 5 mg. 

The Peak 3 compound has been identified as the hydroxo form 
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TaBLe VI 
Paper chromatographic properties of photolysis products 

Whatman No. 1 paper was used in the ascending paper chro- 
matography technique. Development was continued until the 
solvent had moved 25 to 30 cm. All the spots were detected by 
their quenching under ultraviolet light. Peak 1 was hydrolysed 
in 0.2 N HCl for 40 minutes at 100°. The following solvent sys- 
tems were used. 1, n-Butanol, saturated with 10% aqueous urea; 
2, 0.5 m sodium acetate-95% ethanol (1:1); 3, same as 2, but with 
0.1 m boric acid added; 4, isopropanol-2 n HCI-H:O (170:41:39). 


Rp values in indicated solvents 
Sample 
System 1 errr 
Peak 1 0.22-0.40 (streak) | 0.59 | 0.59 | 0.56 
Peak 2 0.05 (small) 0.42 | 0.38 
0.20 (small) 0.59 
0.38 (large) 
Peak 3 0.00 0.65 | 0.72 
Peak 1 (hydrolysed) 0.40 0.60 | 0.67 | 0.69 
Adenine 0.40 0.60 | 0.67 | 0.69 
0.8/7 T . 
3 3 | 
0.6 
> 
© 
2 
‘ 
0.4 
WY 
§ 
O| 
220 260 300 340 
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Fig. 13. Spectrum of adenine-containing products of photolysis 
(Fig. 12, Peaks 1 and 2) of the AC coenzyme. The spectra were 
taken with an aliquot of the combined fractions from each peak 
diluted in 0.02 m sodium acetate pH 6.0. 


of pseudovitamin Biz (adenylcobamide hydroxide) on the basis 
of the following evidence. Its position on the Dowex 50 elution 
pattern (Fig. 12) is consistent with this identification. Hy- 
droxocobalamin (5,6-dimethylbenzimidazolylcobamide hydrox- 
ide, vitamin Bis., Biz.), the only cobamide hydroxide so far de- 
scribed in some detail (9-12), is a weak base (pK,=~ 6) and 
consequently has a net positive charge in neutral or weakly acid 
solution and a zero charge in alkaline solution. The slow elution 
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RED PHOTOLYSIS PRODUCT  _ 
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Fia. 14. Spectra of a 2.25 XK 10-5 m solution of the crystalline 
red photolysis product of the AC coenzyme in 0.4 M sodium phos- 
phate buffer pH 7.0 or 0.4 mM sodium carbonate buffer pH 10.0, as 


indicated. 


of Peak 3 from Dowex 50 with 0.06 m sodium acetate pH 6.5, 
and the rapid elution with 0.005 m NH,OH were consistent with 
these properties. 

The spectrum of the crystalline Peak 3 compound, shown in 
Fig. 14, is similar to that of hydroxocobalamin. Both com- 
pounds have a prominent absorbancy maximum at 350 to 352 
my in acid or neutral solution, that shifts to 355 to 357 my at 
pH 8.8 to 10 (11). They also showed similar spectral changes 
with pH in the 300 to 340 my and the 480 to 580 my regions. 
The molar extinction coefficients of the crystalline Peak 3 com- 
pound dissolved in 0.002 m sodium acetate pH 6.4, calculated 
from the dry weight of the compound and an assumed molecular 
weight of 1360, were found to be 24.0, 26.7, 8.2, and 8.0 x 10° 
cm? per mole at 274, 352, 497, and 522 muy, respectively. 

In paper ionophoresis the crystalline Peak 3 compound mi- 
grated as a cation at about the same rate (6.1 cm per hour) as 
hydroxocobalamin (6.6 em per hour) when the solvent was 0.5 
mM acetic acid and the potential gradient was 40 volts per centi- 
meter. Under the same conditions, pseudovitamin Bz migrated 
at a rate of 1.6 cm per hour and cyanocobalamin was stationary. 

Treatment of a solution of the Peak 3 compound with 0.01 m 
KCN for 30 minutes at room temperature, followed by acidifica- 
tion with acetic acid to pH 4, produced a solution having a spec- 


TaBLeE VII 
Products of photolysis reaction 

Samples of purified adenyleobamide coenzyme were photo- 
lyzed and the products separated on a Dowex 50 column as de- 
scribed in the legend of Fig. 12. The molar quantity of product 
in each peak was estimated from its total absorbancy. For Peaks 
1 and 2 the molar extinction coefficient of 15.4 K 106 cm? per mole 
was used at 258 my (Peak 1) or 263 my (Peak 2). For Peak 3 the 
molar extinction coefficient of 26.7 XK 10° cm? per mole at 352 my 
was used. 


Experiment | | Peak 1 Peak2 | Peakt + | Peak 3 
pmoles pmoles umoles umoles umoles 
1 8.2 2.3 4.1 6.4 8.6 
2 2.1 1.1 0.9 2.0 Not deter- 
mined 
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trum virtually identical with that of pseudovitamin Biz. The 
molar extinction coefficients of the monocyano derivative of Peak 
3, calculated from the dry weight of the crystalline Peak 3 com- 
pound, assuming a molecular weight of 1360, were 20.0, 26.8, 
7.25, and 8.2 X 10° cm? per mole at 276, 361, 518, and 545 to 
548 my, respectively; the corresponding values for pseudovita- 
min Biz (7) are 17.7, 27.8, 7.4, and 7.8 X 106 cm? per mole, re- 
spectively. Also, the rate of migration of the colored product 
during paper ionophoresis in 0.5 M acetic acid plus 0.01 m KCN 
or in 0.05 m KzHPOQO, plus 0.01 m KCN was the same as that of 
the pseudovitamin Biz. When the two compounds were mixed 
they did not separate under these conditions. 

A noncrystalline sample of Peak 3 compound gave a positive 
orcinol test, and ribose was tentatively identified as a product of 
acid hydrolysis by paper chromatography with three different 
solvent systems, and by paper ionophoresis with a 0.1 m sodium 
tetraborate pH 9.3 solvent. The ratio of the orcinol reaction 
color intensity to the absorbancy of the Peak 3 compound at 
260 my was 0.85 of that of pseudovitamin Biz. Since the molar 
extinction coefficients of the hydroxocobamides in the 260 to 280 
my region are 15 to 30% greater than those of the cyanocobam- 
ides (12), this result demonstrated that the Peak 3 compound 
contained approximately one ribose moiety per mole. Phos- 
phorus was shown to be present in the Peak 3 compound in an 
amount approximately equivalent to the ribose. Adenine was 
not specifically identified or estimated as a component of the 
Peak 3compound. This seemed to be unnecessary in view of the 
high absorbancy at 274 my (Fig. 14) which indicated the presence 
of a purine moiety. 

Growth factor activity of the crystalline Peak 3 compound 
was determined in a semiquantitative manner, with the use of 
the cobamide-requiring EF. coli mutant, 113-3, and the “pad 
plate’”’ method of assay (15). A comparison at a level of 0.5 
myug gave a 19-mm diameter spot with Peak 3 and an 18-mm spot 
with cyanocobalamin, both spots having about the same density. 
Pseudovitamin Biz gave a spot 17 to 18 mm in diameter but more 
diffuse. These observations demonstrated that the activity of 
the Peak 3 compound in this test was of the same order of magni- 
tude as that of cyanocobalamin or pseudovitamin By. The un- 
certainty of the comparison was at least +30%. 

The molar quantities of the two colorless products in Peaks 1 
and 2 and the red product in Peak 3 (see Fig. 12), formed by 
photolysis of the adenylecobamide coenzyme, were estimated in 
two experiments from the total absorbancy of the peak fractions. 
The molar extinction coefficients of the compounds in Peaks 1 
and 2 were not known, but since the Peak 1 compound was 
shown to be an adenine derivative and the Peak 2 compound 
probably also contains an adenine moiety, each of these com- 
pounds was assumed as a first approximation to have the same 
molar extinction coefficient at its absorbancy maximum as 
adenosine. Table VII gives the results of these experiments. 
Experiment 1 shows that approximately one mole of the com- 
pound identified as adenyleobamide hydroxide was formed per 
mole of coenzyme photolyzed. In this experiment the combined 
yield of the Peak 1 and 2 compounds was 0.78 mole per mole of 
coenzyme. However, in Experiment 2 the combined yield of the 
two colorless compounds was 0.95 mole per mole. Consequently, 
it appears that photolysis converts the corphyrin part of the 
coenzyme to adenyleobamide hydroxide and the remainder of 
the coenzyme to two or more adenine-containing, nucleoside-like 
compounds which together are equivalent to the corphyrin. 
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DISCUSSION 


The decomposition reactions of the adenyleobamide coenzyme 
reported in this and a previous paper (1) are summarized dia- 


Adenine + sugar-like cpd. -—— Adenine + several cpds. 


0.2 n HCl 
1 hr, 100° 


0.2 n HCl 
1 hr, 100° 


Peak 1 cpd. Peak 2 epds. 


H Adenylcobamide 
| | hydroxide 
(reddish 
orange) 
2 adenine | 
1 pentose _1n HC! | Coenzyme | CN- Adenylcobamide 
1 phosphate «<—— h cyanide (red) 
corphyrins 100", 1 hr g + adenine 
(red) 
0.07 n HCl 
10 min, 85° 


Yellow corphyrin + adenine 


| | 
| light CN- 


Cobamide hydroxide (?) 
(red) + adenine deriv- 
ative (peak 1 or 2?) 


Cobamide dicyanide (pur- 
ple) + adenine 


ScHEME 1 


grammatically in Scheme 1. Hydrolysis for 1 hour in 1 N HCl at 
100° was shown to liberate approximately 2 moles of adenine, 1 
mole each of pentose and phosphate, and an unidentified mixture 
of corphyrins. The adenine was rather adequately character- 
ized, without actual isolation of the pure compound, by chroma- 
tographic, ionophoretic, and spectrophotometric methods (2). 
No other colorless, ultraviolet light-absorbing compound was 
detected in appreciable amounts in the hydrolysate. Therefore, 
adenine appears to be the only purine present in the coenzyme. 
No evidence for the presence of a benzimidazole was obtained. 
The major pentose component, estimated by the nonspecific 
orcinol reaction,’ is undoubtedly ribose, since this sugar could be 
readily detected and partially characterized by paper chroma- 
tography and ionophoresis. 

After the coenzyme was found to contain two adenine moieties, 
it seemed probable that they would have different properties and 
could be removed separately. This has been found to be true. 

Treatment of the coenzyme with alkaline cyanide rapidly re- 
leased approximately one mole of purine and one mole of purple 
corphyrin dicyanide. The purine has been adequately identified 
as adenine, and the corphyrin, after conversion to the mono- 
cyanide by acidification of its solution, has been isolated and 
identified as pseudovitamin Biz (adenyleobamide cyanide). The 
latter identification was based upon a comparison of the product 


3 Since there is evidence that the cobamide coenzymes contain a 
second sugar-like component which gives a weak orcinol reaction 
and which probably is partially released by mild acid hydrolysis, 
it is likely that 5 to 10% of the orcinol reaction is attributable to 
this component. A balancing of errors probably accounts for the 
excellent agreement between the results of the observed orcinol 
reaction and that expected from 1 mole of ribose (2). 
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and authentic adenylcobamide cyanide with respect to their ab- 
sorption spectra, ribose and adenine contents, movements in 
paper chromatography and ionophoresis, approximate rates of 
acid hydrolysis, and abilities to support the growth of a cobamide- 
requiring EF. coli mutant. The formation of adenylcobamide 
cyanide from the coenzyme in rather good yield proved that the 
adenine released by cyanide was not attached in the usual way 
to the cobamide ribose moiety (Fig. 15). 

Mild acid hydrolysis of the coenzyme also released approxi- 
mately one mole of adenine and a corphyrin, but the latter was 
very different from pseudovitamin Biz. The two corphyrins dif- 
fered in color and, more significantly, in the character of their ab- 
sorption spectra. Whereas the product of cyanide treatment 
had a spectrum like that of other cobamide vitamins, with a prom- 
inent absorbancy maximum in the 350 to 367-my region, the 
“yellow corphyrin” formed by mild acid hydrolysis had a spectrum 
similar to that of the original adenyleobamide coenzyme except 
for a lower absorbancy in the 263-my region. The “yellow cor- 
phyrin”’ also behaved like the coenzyme with respect to its sensi- 
tivity to cyanide ion and to light. When treated with alkaline 
cyanide both compounds decomposed with liberation of a mole 
of adenine; when exposed to light both compounds gave one or 
more adenine derivatives. These facts demonstrated that the 
‘“‘vellow corphyrin”’ still contained the “extra” adenine moiety 
that is a characteristic structural feature of the cobamide co- 
enzymes (Fig. 15). Therefore, the adenine released from the 
coenzyme by mild acid hydrolysis must have been linked to 
ribose. This conclusion was further supported by a comparison 
of the rates of adenine release and the spectral changes in the 
coenzyme and in pseudovitamin Biz during acid hydrolysis. 

The results of the experiments on coenzyme degradation by 
alkaline cyanide or mild acid hydrolysis may be summarized by 
saying that they demonstrated that the two adenine moieties in 
the coenzyme have markedly different properties. The ribo- 
nucleotide adenine, which is also present in pseudovitamin By, 
was readily removed by mild acid hydrolysis. Removal of this 
adenine moiety resulted in loss of coenzyme activity but did not 


[ADENINE X] 


LIGHT. _ 


CH, Me 
CH,-CO-NH, 


Fig. 15. Postulated structure of the AC coenzyme, showing 
bonds cleaved by cyanide ion, mild acid hydrolysis, and light. 
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cause a striking change in the absorption spectrum. The second 
adenine moiety was considerably more stable to acid hydrolysis, 
but was readily removed by treatment with alkaline cyanide 
(Fig. 15). Removal of this adenine also caused coenzyme in- 
activation and a dramatic modification of the spectrum to the 
type characteristic of the cobamide vitamins. 

Exposure of the coenzyme to light provided evidence of an 
additional structural element indicated by X in Fig. 15. The 
products of photolysis by visible light were a corphyrin that was 
rather definitely identified as adenylcobamide hydroxide and two 
or more colorless adenine derivatives containing the equivalent 
of 1 mole of adenine per mole of coenzyme decomposed. No free 
adenine was formed. The question immediately arises whether 
the colorless adenine compounds formed by photolysis were de- 
rived from the nucleotide moiety of the coenzyme or from the 
“second” adenine that is removable by cyanide. The evidence 
clearly demonstrates that the latter alternative is correct. This 
was first indicated by the change in spectrum during photolysis 
to the type characteristic of the corphyrin vitamins. It was 
established by the identification of the main red photolysis 
product as adenylcobamide hydroxide which contained both the 
adenine and ribose moieties of the nucleotide side chain. Since 
the corphyrin still contained the adenosine moiety, the colorless 
adenine derivatives formed by photolysis (Compounds 1 and 2) 
must have been derived from the “‘second”’ adenine. Further- 
more, the sugar-like substituents on the adenine could not have 
been derived from the nucleotide ribose. 

Information concerning the chemical nature of the sugar-like 
adenine substituents present in the Peak 1 and Peak 2 com- 
pounds is fragmentary. Both compounds were readily hy- 
drolyzed with acid (0.2 n HCl, 1 hour, 100°) to adenine and one 
or more compounds that react with orcinol and certain other 
reagents to give color tests indicative of sugars or sugar-like com- 
pounds. So far, it has not been possible either to identify the 
individual compounds or to establish the number of carbon 
atoms they contain. However, elementary analysis of the 
crystalline 5,6-dimethylbenzimidazolylcobamide coenzyme (16) 
indicated the presence of 5 to 8 carbon atoms not accounted for 
by known components of the coenzyme. Probably these carbon 
atoms are also present in the adenylcobamide coenzyme (X in 
Fig. 15), and are part of the compound attached to the “second”’ 
adenine. During photolysis this compound is apparently cleaved 
in more than one way to give the two or more colorless adenine 
derivatives. 

It should be emphasized that the structures of the colorless 
adenine-containing products of photolysis may be somewhat dif- 
ferent from that of the portion of the coenzyme from which they 
were derived. The separation of the adenine-containing com- 
pounds may be the result of a structural change in these frag- 
ments of the coenzyme. This is suggested by differences in the 
reactivity of the intact adenylcobamide coenzyme and Peak 1 
photolysis product with alkaline cyanide. Whereas the coen- 
zyme reacted rapidly with cyanide liberating free adenine, the 
Peak 1 compound did not react in this way. 

The attachment of the sugar-like moieties to adenine in the 
Peak 1 and 2 compounds (Fig. 12) probably is through the 
nitrogen atom in the 7- or 9-position. This was indicated by the 
absence of a shift in the position of the absorbancy maximum 
when solutions of the compounds were made alkaline. 

The site of attachment of the “second” adenine and its sub- 
stituent group (adenine-X in Fig. 15) to the rest of the coenzyme 
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deserves some consideration, although final conclusions are im- 
possible without a more complete knowledge of the structures 
involved. As a working hypothesis we favor the view that the 
“second”’ adenine moiety and its substituent group is attached 
to the cobalt atom probably in the position occupied by cyanide 
in cyanocobalamin. The indirect evidence for an attachment to 
cobalt is of two types. First, the main effect of light on the 
cobamide cyanides is the dissociation of the cyanide group. This 
effect appears to be analogous to the removal of the adenine 
compounds during photolysis of the coenzyme. Secondly, 
cyanide ion is known to have a strong affinity for cobalt; in 
alkaline solution cyanide ion is believed to displace the nucleo- 
tide base of the cobamide vitamins from cobalt (17). The re- 
moval of the second adenine from the coenzyme by alkaline 
cyanide appears to be an analogous reaction. This again sug- 
gests a close relation between this adenine and cobalt. 

Although an attachment of some part of the adenine derivative 
to cobalt is probable, the nature of the bond is highly uncertain. 
Two possibilities must be considered. One of the nitrogen atoms 
of the second adenine moiety may be bonded to cobalt in the same 
way as the nucleotide adenine. The other possibility is a linkage 
between the positively charged cobalt and a hypothetical nega- 
tively charged group onthe adeninederivative. No anionic group 
other than phosphate has as yet been detected in the adenyl- 
cobamide coenzyme. However, the uncharged condition of the 
coenzyme in neutral solution indicates that such a group may be 
present in the molecule to neutralize the expected positive charge 
of the cobalt. The close association of this hypothetical anionic 
group with the second adenine moiety is indicated by the fact 
that the photolysis reaction, which removes the adenine deriva- 
tive, leaves the remaining cobamide with a net positive charge. 
The only possible alternative explanation for the charge relations 
of the coenzyme and its products is that the cobalt in the co- 
enzyme is in the divalent state and undergoes oxidation to the 
trivalent state as soon as the stabilizing adenine derivative is re- 
moved. The evidence presently available does not permit a 
decision between the possible modes of attachment of the adenine 
derivative to the cobalt. 

The relation between structure and spectrum of the coenzyme 
is of considerable interest, especially because the spectrum of the 
coenzyme differs so greatly from that of the corresponding 
cobamide vitamin. Three possible reasons for this difference 
may be mentioned: (a) the cobalt of the coenzyme is in a lower 
valence state; (b) the second adenine moiety or its substituent 
group is attached to the corphyrin in such a way as to interrupt 
the system of six conjugated double bonds present in the cobam- 
ide vitamins; and (c) the existence of a rather symmetrical struc- 
ture consisting of an adenine moiety attached to cobalt both 
above and below the plane of the corphyrin ring system greatly 


modifies the properties of the conjugated system. Only one of | 


these possibilities can be definitely eliminated at present. The 
finding that the “‘yellow corphyrin,” formed by mild acid hy- 
drolysis and containing only a single adeny] moiety, has a spec- 
trum of the same type as that of the coenzyme eliminates the 
third explanation. 


SUMMARY 


This paper describes the effects of cyanide ion, mild acid 
hydrolysis, and visible light on the adenylcobamide coenzyme, 
required for the conversion of glutamate to 6-methylaspartate 
by cell-free extracts of Clostridium tetanomorphum. 
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Excess cyanide ion was shown to cleave the coenzyme into two 
major components, one colored and the second colorless. The 
colored component has been identified as pseudovitamin By: and 
the colorless component as adenine. 

Mild acid hydrolysis (0.07 n HCl for 10 minutes at 85°) re- 
leases adenine from the nucleotide linkage, leaving a yellow 
cobamide with spectral characteristics similar to that of the in- 
tact coenzyme. Cyanide ion readily converts this compound to 
the dicyanide derivative of Factor B-ribose phosphate. 

Degradation of the coenzyme with visible light yields one 
colored component and two or more unidentified adenine deriva- 
tives. The colored compound was crystallized and identified as 
adenylcobamide hydroxide. 

The evidence indicates that the coenzyme is a derivative of 
pseudovitamin Bi, containing a “second” adenine attached to 
the cobalto-corrin structure. The possible relationship between 
the mode of attachment of the ‘‘second”’ adenine and the unique 
spectrum of the coenzyme is discussed. A tentative structure 
of the coenzyme is presented. 
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It is well established that Escherichia coli, Aerobacter aerogenes, 
and related Enterobacteriaceae are capable of deriving both the 
adenine and guanine of their nucleic acids from adenine and 
guanine supplied singly in the medium (2-4). The intercon- 
version of the purine bases does not, however, occur by the re- 
versible operation of a single sequence of enzymes. Thus, mu- 
tants having lost the ability to convert adenine or hypoxanthine 
to nucleic acid guanine nevertheless are capable of converting 
guanine to nucleic acid adenine (5,6). Furthermore, the enzymes 
responsible for the conversion of inosine 5’-phosphate to gua- 
nosine 5’-phosphate catalyze virtually irreversible reactions (7, 8). 
It is therefore apparent that these bacteria must contain an addi- 
tional enzyme or series of enzymes designed for the conversion of 
guanine to adenosine 5’-phosphate or one of its precursors. The 
present paper describes the discovery, isolation, and properties 
of such an enzyme: it is a reduced triphosphopyridine nucleotide- 
linked reductase that catalyzes the virtually irreversible reduc- 
tion of guanosine 5’-phosphate to inosine 5’-phosphate and am- 
monia. 


EXPERIMENTAL 


Chemicals—Guanine, adenine, “yeast guanylic acid,’ ribose- 
5-P, GSH, and crystalline alcohol dehydrogenase (Nutritional 
Biochemicals Corporation); glucose-6-P, glucose-6-P dehydro- 
genase and TPNH (Sigma Chemical Company); guanine-8-C 
and guanine-2-C™ (Isotope Specialties Corporation); and TPN 
(Pabst Brewing Company) were commercial preparations. A 
purified preparation of IMP-dehydrogenase was kindly supplied 
by Dr. Harris 8. Moyed. Calcium phosphate gel was prepared 
by the method of Keilin and Hartree (9). 

Bacteria—Most of the strains have been described previously 
(5, 7); they include, Aerobacter aerogenes strain 1033, and strain 
P-14, a guanine-requiring mutant derived from it, and Esch- 
erichia colt strain R-257, requiring xanthine or guanine for growth. 
Salmonella typhimurium strain Ad-12, a specific adenine auxo- 
troph, was kindly supplied by Dr. J. Gots of the University of 
Pennsylvania. The cultures were maintained on tryptone-yeast 
extract agar slants. 

Cultivation of Bacteria—The cells were cultured in a liquid 
minimal medium containing per liter: Nas,HPO,-7H.O, 6 g; 
KH2PO,, 7 g; (NH4) 2 g; MgSOu, 0.2 g; CaCle, 0.01 g. De- 


* This work was supported in part by a research grant from the 
United States Public Health Service (C-2864). A preliminary 
report was presented before the American Society of Biological 
Chemists (1). 

Tt Present address, Department of Biochemistry, The Hebrew 
University-Hadassah Medical School, Jerusalem, Israel. 


pending on the requirements of the respective mutant, the me- 
dium was supplemented with 20 mg of adenine or guanine; in 
the case of strain Ad-12, 0.05 mg of thiamine hydrochloride was 
also added. The medium was' brought to pH 6.5! and was steri- 
lized by autoclaving at 115° for 15 minutes. Glucose was steri- 
lized separately and added aseptically to the medium to give a 
concentration of 2 g per liter. Each liter of complete growth 
medium (in a 2-liter Erlenmeyer flask) was inoculated with 0.5 
ml of an 8-hour slant culture suspended in 5 ml of sterile water 
and vigorously shaken on a gyratory shaker (New Brunswick) 
at 37° for 14 to 16 hours. 

Cell Extracts—The cells were harvested by centrifugation, 
washed twice with H.O and once with 0.025 m potassium phos- 
phate buffer of pH 7.4, and then suspended at a concentration of 
0.2 g (wet weight) per ml in 0.025 m potassium phosphate buffer 
of pH 7.4 that contained 0.005 m GSH. The suspended cells 
were disrupted in 20-ml batches by sonic oscillation for 7 to 8 
minutes in a cooled 10 ke magnetostrictive oscillator (Raytheon). 
The cell debris was removed by centrifugation at 20,000 x g for 
20 minutes at 4°. The supernatant fluid, referred to subse- 
quently as “‘crude extract,”’ was stored at —15°. 

Analytical Procedures—For the analysis of purine nucleotides 
the reaction mixture (2.5 ml) was treated with 0.5 ml of 30% 
trichloroacetic acid, the precipitated protein was removed by 
centrifugation, and the supernatant fluid was neutralized to a 
phenol red end point with dilute NaOH. After the addition of 
0.1 ml of saturated barium acetate and 4 volumes of ice-cold 
ethanol, the mixture was kept in an ice bath for 10 minutes and 
the precipitate then was collected by centrifugation, washed five 
times with 5-ml portions of ethanol, and dissolved in 3 ml of 10% 
trichloroacetic acid. The nucleotides in this solution were ad- 
sorbed onto 100 mg of acid-washed charcoal (Norit A), and the 
charcoal was washed free of salts with water and then eluted 
with an aqueous solution containing 10% concentrated ammonia, 
and 50% ethanol. The eluate was evaporated to dryness in a 
vacuum, and the residue was taken up in a small volume of water 
and subjected to electrophoresis at 39 volts per cm on filter paper 
(Whatman No. 3) in 0.04 M citrate buffer of pH 2.9 (10) for 90 
minutes. Under these conditions, the nucleotide spots (located 
as dark shadows on the paper illuminated with ultraviolet light) 
are found in the following order, starting with the one nearest 
the origin: AMP, GMP, ADP, IMP, GDP, ATP, GTP. Radio- 
activity in the separated nucleotide spots was estimated by 
means of a windowless gas flow paper strip counter (Forro). In 
some cases, the nucleotides were eluted from the paper with 0.1 
M potassium phosphate buffer of pH 7; their concentration in the 
eluate was determined spectrophotometrically, and their radio- 
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activity was measured at infinite thinness in a windowless gas 
flow counter. The IMP isolated in this manner could be hydro- 
lyzed by treatment with n HCl at 100° for 2 hours in a sealed 
tube and hypoxanthine isolated by paper chromatography in 
isopropanol-water-concentrated ammonia, 85:15:1.5; or in n-bu- 
tanol-water-formic acid, 77:13:10 (10). 

Ammonia and GMP were determined, in reaction mixtures 
which had been deproteinized with 3% perchloric acid, by a 
micro diffusion method (11) and by spectrophotometric assay 
(10), respectively. 

The protein and nucleic acid contents of the enzyme prepara- 
tions were estimated from the absorbancy ratios at 280 and 260 
mp (12). In crude extracts the protein content was also meas- 
ured by the method of Lowry et al. (13). 

GM P-reductase was assayed by determining the initial rate of 
decrease of absorbancy at 340 my in the following reaction mix- 
ture: 0.2 m Tris, pH 7.5, 0.2 ml; 0.05 m cysteine HCl (freshly 
dissolved and neutralized), 0.05 ml; 0.01 m GMP, 0.2 ml; 0.001 
u TPNH, 0.1 ml; enzyme extract, and sufficient H.O to achieve 
a volume of 1 ml. A blank control devoid of GMP was used to 
correct for the oxidation of TPNH by the TPNH-oxidase present 
in the crude extracts. A unit of GMP-reductase is defined as the 
amount of enzyme producing a decrease in absorbancy at 340 
my of 0.1 per minute at room temperature in the system described 
contained in cells with a light path of 1.0 cm. 

The assay of IM P-dehydrogenase has been described previously 


(7). 
RESULTS 


Preliminary Observations—The results of earlier nutritional 
and tracer studies, illustrated in Fig. 1, could serve as a helpful 
guide in the search for the enzymatic mechanism responsible for 
the conversion of a derivative of guanine to one of adenine. A 
mutant blocked in the conversion of xanthosine 5’-phosphate to 
GMP (A. aerogenes, strain P-14) incorporates guanine-C"™ into 
nucleic acid adenine, but, in contrast to the parent strain, fails 
to incorporate xanthine-C™ (6, 7); consequently, derivatives of 
xanthine may be excluded as possible intermediates in the con- 
version of guanine to adenine. Another mutant blocked in the 
conversion of 5-amino-1-ribosyl-4-imidazolecarboxamide-5’-P to 
IMP (E. coli, strain HP-1), nevertheless can derive its nucleic 
acid adenine from either adenine or guanine; consequently, the 
imidazolecarboxamide phosphate may be excluded as a possible 
intermediate in the conversion of guanine to adenine. Finally, 
mutants blocked at two stages of adenine biosynthesis by the 
loss of adenylosuccinase (14, 15), for example S. typhimurium, 
strain Ad-12, have a specific requirement for adenine, which 
guanine cannot meet; consequently, adenylosuccinate does ap- 
pear to be an essential intermediate in the conversion of guanine 
to adenine. 

This assumption was tested by investigating the nature of the 
products excreted by the adenine auxotroph strain Ad-12. 
Washed cell suspensions of this organism were shaken for 150 
minutes at 37° in a medium containing 0.2% glucose and 0.2% 
ammonium sulfate in 0.02 m phosphate buffer of pH 6.8; under 
these conditions a compound accumulated whose characteristics 
(ultraviolet spectrum and formation of a highly unstable di- 
azonium salt) identified it as 5-amino-1-ribosyl-4-imidazole-suc- 
cinyl carboxamide-5’-P (14). When the medium was supple- 


1A. P. Levin, and B. Magasanik, unpublished observations. 
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mented with either hypoxanthine or guanine (30 wg per ml), a 
different compound accumulated whose characteristics (ultra- 
violet spectrum and formation of a diazotizable amine by treat- 
ment with strong acid) identified it as adenylosuccinate (16). 
The cells thus appear to contain the enzymes required for the 
formation of adenylosuccinate from guanine, presumably by way 
of IMP. The ability of extracts of this mutant to convert 
guanine to IMP was therefore explored. 

Incorporation of Guanine-C% into IMP by Cell Extracts—In 
preliminary experiments, crude extracts of sonically disrupted 
cells of strain Ad-12 were incubated with guanine-C™ and the 
appearance of radioactivity in IMP and guanine nucleotides was 
examined. The incubation mixture contained in all cases 0.5 ml 
of extract, 200 umoles of Tris buffer of pH 8, 3 umoles of GSH, 2 
umoles of ATP, 20 umoles of MgCle, 30 umoles of acetyl phosphate, 
and 3 umoles of guanine-8-C", in a total volume of 2.5 ml. The 
acetyl phosphate was included to insure the regeneration of ATP 
from ADP by means of acetokinase present in the extract. To 
this mixture was added 20 umoles of ribose 5-phosphate, as well 
as either a DPNH-generating system (0.3 umole of DPN, 100 
umoles of ethanol, and 0.3 mg of aleohol dehydrogenase) or a 
TPNH-generating system (0.3 umole of TPN, 30 umoles of glu- 
cose-6-P, and 1 mg of glucose-6-P dehydrogenase). The mix- 
tures were intubated at 37° for three hours and the nucleotides 
were isolated by paper electrophoresis. The basic mixture sup- 
plemented with ribose-5-P alone, or with ribose-5-P and the 
DPNH-generating system, was found to contain IMP, adenosine 
mono-, di-, and triphosphates, and the three analogous guanine 
nucleotides; only the guanine nucleotides were radioactive. In 
contrast, the mixture with ribose-5-P and the TPNH-generating 
system contained radioactivity not only in the guanine nucleo- 
tides but also in the IMP; in the absence of ribose-5-P neither 
the guanine nucleotides nor labeled IMP were formed. 

The experiment was repeated, using a bacterial extract from 
which the nucleic acids had been removed by treatment with 
streptomycin and dialysis, as described below, in order to reduce 
the endogenous production of nucleotides. In this case, the 
TPNH-generating system consisted of 0.3 umole of TPN+t, 100 
moles of sodium glutamate, and the glutamate dehydrogenase 
present in the bacterial extract. After paper electrophoresis, the 
GMP and IMP spots were eluted, their purity verified, and their 
concentration and radioactivity measured (Table I). It can be 
seen that the formation of GMP required the presence of ATP 


Succinyl - ACP 


--{--- Ad-12 

AcP 
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IMP 

XMP Succinyl - AMP 
p-14--1-- --{--  Ad-12 

GMP AMP 


Fic. 1. The final steps of purine biosynthesis. (ACP, 5-amino- 
1-ribosyl-4-imidazolecarboxamide-5’-P; XMP, xanthosine-5’-P). 
The dashed lines and the symbols near them indicate mutants 
blocked in the particular step. 
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TaBLe I 
Enzymatic incorporation of guanine into GMP and IMP 

The reaction mixture described in the text contained in all 
cases cell extract, acetyl phosphate, MgCl:, GSH, labeled guanine, 
ATP and ribose-5-P. Omission of either ATP or ribose-5-P pre- 
vented the incorporation of guanine-C'* into GMP and IMP. 
The radioactivities of guanine-8-C'* and of guanine-2-C'* were 
6.25 & 10‘ and 2.30 X 10‘ counts per minute per umole, respec- 
tively. 


Additions R.A.* 
DPNH 
Guanine TPNt Glutamate | generating GMP IMP 
systemt 
8-Ci4 92 0 
8-Ci4 + 95 0 
8-Ci4 + 97 
8-Ci4 + 98 0 
8-Ci4 + + 95 90 
2-C'4 + + 93 86 
* Relative molar activity = 
c.p.m. per umole isolated compound 
100 
c.p.m. per wymole guanine added 
+t Described in text. 
II 
Purification of GMP-reductase 
Fraction |Volume | Activity | Protein | Specific activity 
ml units me units/mg protein 
Dialyzed extract........... 50 900 1100 0.8 
Streptomycin (I).......... 51 890 870 1.0 
Heated at 56° (II)......... 45 700 230 3.0 
Ca-phosphate gel (III)..... 6 390 11 36.0 
(NH,)2SO, (IV)............ 4 320 4 72.4 


and ribose-5-P, and the formation of IMP required in addition 
the presence of the TPNH-generating system. The IMP pro- 
duced had almost as high a molar radioactivity as the GMP, 
whether the latter was derived from guanine-8-C™ or from 
guanine-2-C4, The identity of the IMP was verified by hy- 
drolysis: the hypoxanthine formed was isolated and found to 
have the same molar radioactivity as the IMP from which it had 
been derived. 

These results provide strong evidence that the extracts contain 
the enzymes required for the synthesis of GMP from ribose-5-P 
and guanine using ATP as energy source (17), as well as a GMP- 
reductase capable of reducing GMP to IMP with TPNH as the 
hydrogen donor. The purification of this reductase was under- 
taken using the spectrophotometric estimation of TPNH disap- 
pearance in the presence of GMP as a measure of the enzyme 
activity. 

Purification of GM P-reductase—All procedures were carried 
out at 0°, except where stated otherwise. The crude extract 
(described in ““Methods’’) was dialyzed against several changes 
of 0.008 m potassium phosphate buffer of pH 7.5 containing 
0.0025 m GSH, and the dialyzed extract was treated with one- 
tenth of its volume of a 5% solution of streptomycin sulfate. 
The precipitate consisting mainly of nucleic acids was removed 
by centrifugation. 
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The supernatant (Fraction I) was heated at 54-56° with oc- 
casional stirring for 15 minutes, and the flocculent precipitate 
which appeared was removed by centrifugation at 105,000 x g 
for 15 minutes in a Spinco centrifuge, model L. This procedure 
served to remove the interfering TPNH-oxidase. The super. 
natant (Fraction II) was almost free of this activity, but con- 
tained most of the GMP-reductase. 

Fraction II was brought to pH 6.8, treated with aged calcium 
phosphate gel (5 mg per ml), and centrifuged. The supernatant 
was now brought to pH 7.2, and again treated with calcium phos- 
phate gel (20 mg per ml). Most of the GMP-reductase wag 
adsorbed to the gel. The gel was collected by centrifugation, 
and the enzyme eluted by stirring in 0.4 m potassium phosphate 
of pH 8 (Fraction III). 

The eluate was fractionated with ammonium sulfate. The 
precipitate collected between 0.3 and 0.6 saturation of ammonium 
sulfate (Fraction IV) contained the bulk of the enzyme activity. 

By this procedure an approximately 100-fold increase in the 
specific activity of GMP-reductase was achieved (Table II). In 
some cases both treatments with calcium phosphate gel were 
omitted. In these instances a 40- to 60-fold purification was 
achieved (Fraction IVa). 

Properties of GMP-reductase—The enzyme is highly specific 
for both GMP and TPNH;; other derivatives of guanine, such as 
guanine itself, guanosine, 2’- and 3’-GMP, GDP, and GTP, are 
neither substrates nor inhibitors of the reaction, and DPNH can- 


not substitute for TPNH. The substrate constant for GMP, 


determined by the method of Lineweaver and Burk (18), was 
found to be 9.6 X 10-5 m. The enzyme is maximally active be- 
tween pH 7.5 and 8.2. 

Purified preparations (Fractions IV or IVa) exhibit an absolute 
requirement for a sulfhydryl compound, such as cysteine, gluta- 
thione or mercaptoacetic acid. 

Flavin mononucleotide and FAD at concentrations of 5 x 10-7 
M failed to influence the rate of the enzymatic reaction; however, 
the purification of the enzyme is not sufficient to exclude the 
participation of a flavoprotein in the reaction. No requirement 
for monovalent or for divalent cations could be demonstrated 
and ethylene diaminetetraacetate did not inhibit the enzyme 
even when present in a concentration of 10-? mM. KCN, which 
is a potent inhibitor of some reductases (19, 20) including a 
TPNH-linked hydroxylamine reductase present in the crude ex- 
tracts,? had no effect on GMP-reductase even in a concentration 
of 10-3 m. 

Products, Stoichiometry, and Apparent Irreversibility of Reaction 
—The only purine derivative formed from GMP by the action 
of GMP reductase is IMP. This compound was isolated by 
paper electrophoresis, eluted from the paper, and identified by 
its characteristic ultraviolet absorption spectrum, and by its oxi- 
dation to xanthosine 5’-phosphate by DPN* in the presence of 
IMP-dehydrogenase (7). 

The other products of GMP reduction are TPNH and NH. 
The results summarized in Table III demonstrate that for every 
molecule of GMP reduced, one molecule of TPNH was oxidized 
and one molecule of NH; was produced. 

The reaction is apparently irreversible: no reduction of TPN* 
could be detected when the enzyme was incubated in mixtures 
containing TPN+ in concentrations up to 2.56 * 10-3 m, IMP 
and ammonium sulfate in concentrations ranging from 5 x 10-‘ 
M to 2 X 10°? M, and at pH values varying from 2.4 to 6.5. 


2 J. Mager, unpublished observation. 
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TABLE III 
Stoichiometry of GMP-reductase reaction 


The complete reaction mixture contained 100 umoles of Tris 
buffer of pH 7.5, 5 umoles of cysteine, 2.5 umoles of GMP, and a 
purified enzyme preparation (Fraction III) having 200 ug of pro- 
tein, in a total volume of 2ml. The reaction, which was carried 
out in evacuated Thunberg tubes to minimize the reoxidation of 
TPNH by atmospheric oxygen, was started by the addition of 1.15 
ymoles of TPNH in 0.2 ml H2O from the side arm. After 60 min- 
utes incubation at 37°, 0.2 ml sample was withdrawn and added 
to 2.8 ml of 0.05 n NaOH for the spectrophotometric determina- 
tion of TPNH. To the remainder of the reaction mixture, 0.2 
ml of 30% perchloric acid was added, the precipitated protein 
was removed by centrifugation, and GMP and NH; in the super- 
natant were measured. 


Reaction mixture NHs appeared 
umole umole pmole 
Complete 0.91 0.98 1.10 
— TPNH 0 0.25 
— GMP 0.09 0.30 
TABLE IV 


Inhibition of GMP-reductase by purine nucleotides 


The assay system is the one described under ‘‘Methods,’’ ex- 
cept for the addition of the nucleotides under test. The reaction 
was started by the addition of the partially purified extract (Frac- 
tion IV) containing approximately 25 wg of protein. In the un- 
inhibited system the decrease in absorbancy at 340 my was 0.065 
per minute. 


GMP Purine nucleotide Inhibition 

pmole umole 
1.0 5.0 IMP 32 
1.0 10.0 IMP 57 
1.0 5.0 AMP 60 
1.0 10.0 AMP 71 
1.0 0.5 ATP 57 
1.0 1.0 ATP 95 

10.0 1.0 ATP 2 


Similarly, the addition of ammonium sulfate to the usual assay 
medium (pH 7.5) in 20- to 50-fold excess over the GMP failed 
to affect the course of TPNH oxidation. 

Inhibition of GM P-reductase and of IM P-dehydrogenase by Pu- 
rine N ucleotides—In the course of the experiments demonstrating 
the incorporation of guanine-C™ into IMP it had been noticed 
that the extent of the incorporation was diminished when the 
ATP concentration of the reaction mixture was increased. The 
effect of ATP and other nucleotides on GMP-reductase was there- 
fore measured spectrophotometrically, with a purified enzyme 
preparation. The results, summarized in Table IV, reveal that 
ATP, and to a much lesser extent AMP and IMP, are indeed 
inhibitors of GMP reduction. The effect can be overcome by 
increasing the concentration of GMP, even after the inhibition 
has been established. Pyrimidine nucleotides do not appear to 
affect the action of the enzyme. 

It seemed of interest to explore whether the production of 
GMP from IMP was also affected by nucleotides. To this end 
the effect of nucleotides on the activity of IMP-dehydrogenase 
(the enzyme catalyzing the first of the two steps required for 
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TABLE V 
Inhibition of IMP-dehydrogenase by purine nucleotides 

The reaction mixture consisted in all cases of 50 umoles of Tris 
buffer, pH 8.1, 25 uzmoles of GSH, 30 umoles of KCl; partially puri- 
fied IMP-dehydrogenase (Step 3, Reference 7) containing 25 ug 
of protein, IMP and other nucleotides as shown in the table, and 
0.5 wmoles of DPN* (added as the last component) in a total 
volume of 1 ml in a cuvette with a light path of lem. The ab- 
sorbancy at 340 mu was measured at room temperature; in the 
uninhibited system the increase of absorbancy per minute was 
0.11. 


IMP Purine nucleotide Inhibition 

pmoles pmoles % 
0.5 5.0 ATP 9 
0.5 2.0 GTP 9 
0.5 2.0 GDP 51 
0.5 1.0 GMP 38 
0.5 2.0 GMP 62 
0.5 5.0 GMP 87 
2.5 2.0 GMP 45 

TaBLe VI 


Distribution of GMP-reductase 


The organisms were grown in minimal medium containing the 
supplements indicated. Whenever adenine was used, 0.05 mg of 
thiamine was added per liter of medium to overcome the inhibi- 
tory effect of the adenine (21). The enzyme assays were carried 
out on crude extracts. 


Strain Supplement 
me perme 
S. typhimurium Ad-12..| Adenine Adenine 9.0 0.95 
S. typhimurium Ad-12..} Adenine Adenine 20.0 1.10 
S. typhimurium Ad-12..| Adenine Adenine ce 
1.05 
Guanine 20.0 
A. aerogenes 1033....... None None 0.48 
A. aerogenes P-14....... Guanine Guanine 20.0 0.65 
E. coli R-257........... Guanine Guanine 20.0 0.80 
or xan- 
thine 


ATP <—> AMP 


\ 


Fic. 2. Interconversion of purine nucleotides and its control. 
The dashed lines indicate inhibition. 
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the conversion of IMP to GMP) was investigated. It can be 
seen (Table V) that this enzyme is inhibited by GMP but not by 
adenine nucleotides, and that, in this case too, the inhibition 
can be overcome by an increase in the concentration of the sub- 
strate. 

Occurrence of GM P-dehydrogenase—The GMP-dehydrogenase 
could be demonstrated in strains of S. typhimurium, A. aerogenes, 
and E. coli. The enzyme level did not appear to be influenced 
by the presence or absence of other enzymes essential for the 
biosynthesis of AMP or GMP, or by the composition of the 
growth medium (Table VI). 


DISCUSSION 


The experiments reported here demonstrate that Enterobac- 
teriaceae such as S. typhimurium, A. aerogenes, and E. coli, possess 
an enzyme which enables them to convert GMP to IMP by the 
following apparently irreversible reaction: 


on OH 

aes 

C-N/’ R-SH C-N/’ + NH; 

Rib-5'-P N  Rib-5"-P 
GMP IMP 
ForMuLa I 


The existence of this enzyme appears to explain the ability of 
mutants of these organisms to convert guanine to nucleic acid 
adenine, even though they have lost the ability to convert adenine 
to nucleic acid guanine. Inthe prototroph too, the GMP-reduc- 
tase seems to be essential for the conversion of guanine to nucleic 
acid adenine, since two of the enzymes (IMP-dehydrogenase and 
xanthosine 5’-phosphate-aminase) required for the conversion of 
adenine to nucleic acid guanine, catalyze irreversible reactions 
(7, 8). 

The three enzymes, IMP-dehydrogenase, xanthosine 5’-phos- 
phate aminase, and GMP-reductase, acting in concert, would 
theoretically catalyze the irreversible cyclic conversion of IMP 
by way of xanthosine 5’-phosphate and GMP to IMP, and would 
obtain the energy for the operation of this useless merry-go-round 
by the hydrolysis of ATP. Actualiy, however, the operation of 
this cycle seems to be controlled in such a way that GMP is 
produced from IMP, and IMP from GMP according to the needs 

.of the organism for these compounds. This is apparently ac- 
complished by feedback inhibition (22): IMP-dehydrogenase and 
GMP-reductase are inhibited by their respective ultimate prod- 
ucts, GMP and ATP. Consequently, should the intracellular 
Jevel of guanine nucleotides be low, the IMP, formed by synthesis 
de novo or from exogenous adenine, will be converted to GMP, 
until the level of GMP has been raised sufficiently to prevent 
further oxidation of IMP. A high intracellular level of GMP 
will, on the other hand, favor the conversion of GMP to IMP 
which in turn will be converted to AMP, and eventually to ATP. 
This production of adenine nucleotides at the cost of GMP 
should proceed until the level of ATP has been raised sufficiently 
to prevent any further reduction of GMP to IMP. The inter- 
conversion of these nucleotides and the control of this process is 
illustrated in Fig. 2. | 

GMP is not a very powerful inhibitor of IMP-dehydrogenase: 
a 10-fold excess of GMP over IMP seems to be required for an 
approximately 90% inhibition of the enzyme activity. This 
finding agrees well with the observation that the cellular pools of 
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free nucleotides are much richer in GMP than in IMP.* On the 
other hand, ATP is a very effective inhibitor of GMP reductase: 
when it is present in a concentration equal to that of the GMP 
the enzyme is 95% inhibited. The cellular pools of nucleotides 
contain considerably more ATP than GMP,? and, accordingly, 
the production of adenine nucleotides from GMP should occur 
only when the pool of adenine nucleotides has become greatly 
depleted, or when the level of GMP is raised by exogenously sup- 
plied guanine. 
SUMMARY 


The discovery of guanosine 5’-phosphate-reductase in extracts 
of Enterobacteriaceae and its partial purification are described. 
This enzyme catalyzes the irreversible reductive deamination of 
guanosine 5’-phosphate to inosine 5’-phosphate and ammonia, 
with reduced triphosphopyridine nucleotide as hydrogen donor. 
The action of this enzyme is apparently responsible for the ob- 
served ability of Enterobacteriaceae to convert guanine to deriva- 
tives of adenine in spite of the irreversible nature of the reactions 
leading from inosine 5’-phosphate by way of xanthosine 5’-phos- 
phate to guanosine 5’-phosphate. Guanosine 5’-phosphate re- 
ductase is inhibited by adenosine triphosphate, and inosine 5’- 
phosphate dehydrogenase is inhibited by guanosine 5’-phosphate. 
The interconversion of the purine ribonucleotides appears to be 
regulated by these feedback inhibitions. 
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There are a number of enzymes present in cell-free extracts of 
Escherichia coli which can degrade deoxyribonucleic acid (DNA) 
and smaller polynucleotides derived from it (1-3). One of these 
enzymes, although unable to hydrolyze high molecular-weight 
DNA at an appreciable rate, will rapidly hydrolyze DNA which 
has undergone some prior degradation; it is in this respect anal- 
ogous to the classical phosphodiesterase of snake venom (4). The 
purpose of this report is to describe in detail the purification and 
properties of this enzyme which will be referred to as the Escher- 
ichia colt phosphodiesterase. 

This diesterase has been found to hydrolyze E. coli and calf 
thymus DNA’s to their constituent 5’-mononucleotides once 
these polymers have undergone some degradation as a result 
either of heating or limited treatment with pancreatic DNase. 
The E. coli phosphodiesterase is also capable of degrading ap- 
propriately pretreated bacteriophage DNA’s bearing glucosyl- 
ated hydroxymethyl] cytosine to their constituent mononucleo- 
tides. In this respect, it differs from the venom diesterase, which 
is unable to catalyze the cleavage of most of the linkages in which 
glucosylated hydroxymethy] cytosine is involved (5-7). 

In further contrast to the venom diesterase, the E. coli phos- 
phodiesterase cannot hydrolyze either free dinucleotides or the 
5’-terminal dinucleotide portion of a polydeoxynucleotide chain. 


EXPERIMENTAL 
Materials 


Crystalline pancreatic DNase and RNase were products of the 
Worthington Biochemical Corporation. Purified human semen 
monoesterase was the generous gift of Dr. L. A. Heppel. 5/- 
Nucleotidase from bull semen was prepared by the method of 
Heppel and Hilmoe (8). Venom phosphodiesterase was _ pre- 
pared from Crotalus adamanteus venom by the method of Sins- 
heimer and Koerner (9). 

P-labeled DNA was isolated from E. coli grown to a limit on 
P®-orthophosphate.! Glycerol-lactate (10) medium, 200 ml, 
containing 0.6 umole of orthophosphate per ml (specific activity, 
50 ucuries per umole) was inoculated with 0.2 ml of a 7-hour 
nutrient broth culture of EZ. colt strain B. After 18 hours of 
growth, the cells were harvested and washed twice with 0.9% 
KCl. The packed cells (0.7 g) were suspended in 4.5 ml of 
0.14 m NaCl containing 0.01 m sodium citrate, and then 320 mg 
of recrystallized sodium dodecyl] sulfate were added. The sus- 


1This procedure for the isolation of EF. coli DNA which is a 
modification of the procedure of Zamenhof et al. (31) was devel- 
oped by S. R. Kornberg, to whom I am grateful for permission to 
describe the details in this paper. 


pension was stirred for 1 hour at room temperature during which 
time it became clear and extremely viscous. Two volumes of 
95% ethanol were added and the heavy fibrous precipitate which 
formed was transferred to a polyethylene tube and was homoge- 
nized for several minutes by means of a glass pestle, with 5 ml of 
1.4 m NaCl-0.01 m sodium citrate. The suspension was centri- 
fuged at 12,000 x g for 10 minutes and the slightly opalescent, 
viscous supernatant fluid was drawn off. This extraction process 
was repeated twice on the residual precipitate and the super- 
natant fluids were combined. Upon the addition of 2 volumes 
of cold 95% ethanol to the supernatant fluids, a fibrous precipi- 
tate was formed which was dissolved in 5 ml of 0.14 m NaCl- 
0.01 m sodium citrate. Sodium dodecyl] sulfate, 22.5 mg, was 
added and the solution was again stirred at room temperature for 
1 hour. Solid NaCl was added to a final concentration of 1 M, 
and after the resulting precipitate was removed by centrifugation 
for 20 minutes at 12,000 x g the supernatant fluid was again 
treated with 2 volumes of ethanol and the precipitated DNA was 
dissolved in 3 ml of 0.14 m NaCl-0.01 m sodium citrate. Pan- 
creatic RNase, 40 ug, was added and the solution was incubated 
at room temperature for 15 minutes. The solution was mixed 
with 1.5 ml of a Norit suspension (20% packed volume) and 
stirred at 0° for 5 minutes; the Norit was removed by centrifuga- 
tion. This process was repeated and the Norit was washed with 
2 ml of 0.14 m NaCl-0.01 m sodium citrate. The supernatant 
solution obtained after Norit treatment, and the wash were 
combined and treated with 2 volumes of ethanol. The DNA 
fibers which formed were dissolved in 4 ml of 0.02 m NaCl and | 
the solution was centrifuged for 30 minutes at 105,000 x g. 
Two volumes of cold ethanol were added to the supernatant 
fluid and the resulting DNA fibers were dissolved in 4 ml of 
0.02 m NaCl. The DNA prepared in this way had a molar 
extinction coefficient at 260 mu of 6.9 X 10° based on deoxy- 
pentose and a reduced viscosity of 52 (g/100 ml). Protein 
contamination was of the order of 2% or less. 

Unlabeled E. coli DNA was isolated in the same way from 
cells grown in M-9 glucose-salts medium (11). 

Calf thymus DNA was isolated by the method of Kay et al. 
(12). 

T2r+ bacteriophage was grown and purified by the method of 
Herriott and Barlow (13). The DNA was isolated from the 
phage by osmotic shock (14), followed by removal of the intact 
bacteriophage and ghosts by centrifugation for 90 minutes at 
15,000 xX g. The DNA was deproteinized by shaking with an 
equal volume of 10% octanol in chloroform for 30 minutes, then 
precipitated with 2 volumes of cold 95% ethanol, and finally dis- 
solved in 0.02 m NaCl. 
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DNA from bacteriophage @X 174 was the generous gift of 
Dr. Robert L. Sinsheimer. 

Partially degraded P*-labeled DNA was prepared by treating 
the P®-labeled E. coli DNA with pancreatic DNase. The reac- 
tion mixture (5.0 ml) consisted of the following: EZ. coli DNA, 2 
umoles of P containing 6 we of P®; pancreatic DNase,? 0.005 
ug; bovine plasma albumin, 500 ug; Tris buffer, pH 7.5, 50 
umoles; and MgCl, 5 wmoles. After incubation at 37° for 1 
hour, the mixture was chilled in ice and 0.1 volume of cold 70% 
(weight per volume) trichloroacetic acid was added. The sus- 
pension was kept at 0° for 10 minutes, then centrifuged at 12,- 
000 xX g for 5 minutes. The precipitate was dissolved in 4 ml 
of 0.02 n NaOH, then precipitated by the addition of 4 ml of 
ice-cold 1 N perchloric acid; the solution and reprecipitation were 
repeated. The final precipitate was dissolved in 2 ml of 0.02 n 
NaOH; 0.1 n HCl was added to pH 7 and the volume was ad- 
justed to 8 ml with distilled water. Such a solution contained 
approximately 0.2 umole of P per ml. 

Calf thymus DNA labeled with C™“ deoxycytidylate at its 3’- 
hydroxyl end was prepared by treating calf thymus DNA with 
uniformly labeled C'*-deoxycytidine triphosphate in the presence 
of purified E. coli polymerase (15). 

5’-dCMP® was isolated from P-labeled E. coli DNA as de- 
scribed previously (2). Unlabeled deoxynucleoside monophos- 
phates were purchased from the California Foundation for Bio- 
chemical Research. 

Diethylaminoethy] cellulose (DEAE-cellulose) was purchased 
from Brown and Company, Berlin, New Hampshire. Prota- 
mine sulfate was obtained from Eli Lillyand Company. Crystal- 
line bovine plasma albumin was purchased from Armour and 


Company. 


Methods 


Assay of E. coli Phosphodiesterase—This assay measures the 
conversion of a partially degraded (but acid-insoluble) DNA 
labeled with P® to acid-soluble fragments. The incubation mix- 
ture (0.30 ml) contained 20 uwmoles of glycine buffer pH 9.2, 2 
umoles of MgCle, 10 mumoles of partially degraded P#®-DNA 
(2 we per umole of P), and 0.05 to 0.25 unit of enzyme. The 
mixture was incubated at 37° for 30 minutes; 0.2 ml of a solution 
of calf thymus DNA (2.5 mg per ml) was added as “carrier’’ 
and then 0.5 ml of cold 0.5 N perchloric acid was added. After 
5 minutes at 0°, the precipitate was removed by centrifugation 
at 10,000 x g for 3 minutes, and 0.2 ml of the supernatant fluid 
was pipetted into a planchet. After addition of a drop of 1 N 
KOH the solution was taken to dryness and the radioactivity 
determined. 

The supernatant fluids obtained from control incubations 
(enzyme omitted), contained 0.3 to 0.4% of the added radioac- 
tivity. A unit of enzyme is defined as the amount causing the 
production of 10 mymoles of acid-soluble P® in 30 minutes. 
The radioactivity made acid-soluble was proportional to the en- 
zyme concentration at levels from 0.05 to 0.25 unit of enzyme. 
Thus, with the addition of 0.005, 0.01, 0.02, and 0.04 ml of a 
1:50 dilution of crude E. coli extract, 360, 367, 379, and 334 units 
of enzyme per ml of extract, respectively, were obtained. 

Deoxypentose was measured by the method of Dische (16). 
Protein was determined according to the method of Lowry et al. 
(17). Phosphate was determined by the method of Fiske and 


? Dilutions of pancreatic DNase were made in bovine plasma 
albumin (1 mg per ml). 
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SubbaRow (18). P® was measured with a thin window Geiger- 
Miller tube. C*4-containing samples were assayed in a window- 
less gas flow counter. 

Paper electrophoresis was carried out at room temperature by 
the method of Markham and Smith (19), in 0.02 m ammonium 
formate buffer pH 3.5, at a potential of 1200 volts. Under these 
conditions, 2 hours were sufficient to achieve a complete separation 
of the four deoxynucleoside 5’-phosphates. 

Paper chromatographic separations were run for 14 to 24 hours 
in the solvent systems described by Markham and Smith (19) 
modified in the following way: Solvent 1, ammonium sulfate 
saturated in water, 80 parts; 1 m sodium acetate, 18 parts; iso- 
propanol, 2 parts (volume per volume per volume). Solvent 2, 
n-propanol, 60 parts; concentrated ammonium hydroxide, 30 
parts; water, 10 parts (volume per volume per volume). Solvent 
System 1 was used with Whatman No. 3MM paper and Solvent 
System 2with Whatman Nol. paper. Whatman No. 3MM paper 
was used for electrophoresis. 


RESULTS 


Purification of E. coli Phosphodiesterase 


Sonic extracts of E. coli strain B were prepared as described 
previously (2). All steps in the purification were carried out at 
0-4° (Table I). 

Protamine Precipitation and Elution—To 800 ml of extract 
were added, first, 800 ml of glycylglycine buffer (0.05 m, pH 7.0) 
and then slowly, with stirring, 160 ml of a 2% protamine sulfate 
solution. After 10 minutes, the suspension was centrifuged at 
10,000 < g for 15 minutes. The gummy precipitate was trans- 
ferred to a Waring Blendor and homogenized with 1600 ml of 
potassium phosphate buffer (0.07 m, pH 8.0) for 5 minutes at 
low speed. The suspension was centrifuged for 3 hours at 
44,000 < g in a Spinco model L centrifuge, and the supernatant 
fluid was collected. 

Concentration of Protamine Eluate—To 1,600 ml of protamine 
eluate were added 904 g of solid ammonium sulfate. After 10 
minutes at 0°, the precipitate was collected by centrifugation for 
30 minutes at 10,000 x g and dissolved in 300 ml of potassium 
phosphate buffer (0.05 m, pH 6.8). 

Ammonium Sulfate Fractionation—To 300 ml of concentrated 
protamine eluate were added 36 g of ammonium sulfate, and 
after 10 minutes at.0°, the resulting precipitate was collected by 
centrifugation for 10 minutes at 12,000 x g; it was dissolved in 
36 ml of potassium phosphate buffer (0.02 m, pH 7.5).° 

DEAE-Cellulose Chromatography—A column of DEAE-cellu- 
lose (20) (10 x 2.2 cm) was prepared and equilibrated with 
potassium phosphate buffer (0.02 m, pH 7.5). Ammonium sul- 
fate fraction, 40 ml, which had been previously dialyzed against 
potassium phosphate buffer (0.02 m, pH 7.5) was added to the 
column, and the adsorbent was washed with 10 ml of the same 
buffer. A linear gradient was applied with 0.1 m and 0.5 m 
potassium phosphate at pH 6.5 as limiting concentrations; 150 
ml of each buffer was used and the flow rate was 70 m1 per hour. 
Fractions were collected at 5-minute intervals. Over 90% of 
the activity was eluted in a discrete peak between 3.6 and 5.0 
resin-bed volumes of effluent. The peak fractions which con- 


* A second active fraction is precipitated from solution at higher 
ammonium sulfate concentrations. Preliminary experiments in- 
dicate that this fraction contains another phosphodiesterase dif- 
fering from the one described here with regard to Mgt* require- 
ment and pH optimum. i 
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tained enzyme of specific activity (units per mg of protein) of 
1200 or greater (approximately 50% of the total) were pooled 
and then concentrated in the following way. To 36 ml were 
added 10 g of ammonium sulfate; after 10 minutes at 0°, the 
precipitate was collected by centrifugation for 20 minutes at 
12,000 < g and dissolved in 6.0 ml of Tris buffer (0.05 m, pH 
7.5). Residual orthophosphate was removed by dialysis of the 
preparation against the Tris buffer. Enzyme at this level of 
purification was used in all the experiments to be described. 


Studies on Enzymatic Mechanism 


Stepwise Hydrolysis of DNA—When DNA terminally labeled 
at its 3’-hydroxyl end with C'-deoxycytidylate was treated with 
the E. coli phosphodiesterase, 70% of the radioactive deoxy- 
nucleotides of the molecule were made acid-soluble at a time (2 
hours) when less than 3% of the unlabeled nucleotides had been 
released, judged by the appearance of acid-soluble ultraviolet 
absorbing material (Fig. 1B). This result is similar to that 
observed with venom diesterase (Fig. 1A), an enzyme which 
attacks DNA or polynucleotides stepwise from the end bearing a 
free 3’-hydroxy] group (15, 21, 22). Digestion of the terminally 
labeled DNA with pancreatic DNase, which attacks DNA in a 
random manner (23), resulted in the appearance at 2 hours of 
77% of the radioactivity and 55% of the ultraviolet absorbing 
material in an acid-soluble form (Fig. 1C’). It therefore appears 
that the phosphodiesterase from E. colt carries out a stepwise 
attack on DNA starting from the 3’-hydroxyl end in a manner 
analogous to venom diesterase. 

Effect of State of DNA on Enzymatic Rate—The E. coli phos- 
phodiesterase hydrolyzes intact DNA at about one-hundredth 
the rate observed with DNA which had been treated with pan- 
creatic DNase. When the DNA was preheated at 100° for 10 
minutes, the enzymatic rate was over 300-fold greater than that 
observed with unheated DNA as substrate. DNA from the 
bacteriophage @X 174, which has been shown to be single- 
stranded (24), was hydrolyzed without prior degradation, over 
200 times as rapidly as intact EF. coli DNA, and at a rate nearly 
equivalent to that of the heated DNA (Table IT). 

In a mixture composed of heated and unheated DNA, the E. 
coli phosphodiesterase is preferentially able to degrade the DNA 
which has been heated (Table III). When a mixture composed 
of heated P2-labeled E. coli DNA and unheated, unlabeled EZ. colt 
DNA was treated with the phosphodiesterase, all of the P® 
was made acid-soluble, together with an amount of ultraviolet 
absorbing material corresponding to the total amount of heated 
DNA added to the mixture. In the reverse situation (heated, 


TABLE I 
Purification of E. coli phosphodiesterase 


Fraction Units Protein 
per ml total mg/ml 
208 | 166,400 | 19.7 10.6 
Protamine eluate........... 70 | 112,000 1.6 43.8 
Concentrated protamine elu- 
354 | 100,000 7.5 47.3 
Ammonium sulfate..........| 2000 | 68,000 | 12.6 159 
DEAE -cellulose............. 1000 | 36,600 0.7 1430 
Concentrated DEAE-cellu- 
5850 | 36,000 4.0 1460 
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Fig. 1. Hydrolysis of DNA terminally labeled with C'-deoxy- 
cytidylate. A. The incubation mixture (1.8 ml) contained 0.95 
umole of DNA-P terminally labeled with C'*-deoxycytidylate 
(2800 c.p.m. per zmole of P), 36 wmoles of MgCl, 120 umoles of 
glycine (pH 8.5), and 0.7 unit of snake venom phosphodiesterase 
(an amount which releases mononucleotides from a limit pancre- 
atic DNase digest of calf thymus DNA at a rate of 0.7 umole per 
hour). Incubation was at 37°. At the times indicated, 0.3-ml 
aliquots were removed; 0.2 ml of calf thymus DNA “‘carrier’”’ (2.5 
mg per ml) and 0.5 ml of cold 1 N perchloric acid were added. 
After 5 minutes at 0°, the suspensions were centrifuged at 10,000 
g for 3 minutes, and the optical density at 260 my of the superna- 
tant fluids was determined. The precipitates were dissolved in 
0.3 ml of 0.5 Nn NaOH and precipitated by the addition of 0.3 ml 
of 1 N perchloric acid. After the addition of 2 ml of cold water, 
the suspension was again centrifuged. The precipitate was dis- 
solved in 0.05 ml of 0.5 N NaOH, transferred quantitatively with 
water to a planchet, dried, and the radioactivity determined. 
The percentage of the total radioactivity released from the DNA 
at a given time was taken to be the difference between the radio- 
activity in the precipitate at that time and the amount present in 
the precipitate initially. 

B. The incubation mixture (1.8 ml) contained 0.95 ymole of 
DNA-P terminally labeled with C'*-deoxycytidylate (2800 ¢.p.m. 
per umole of P), 12 umoles of MgCl2, 120 umoles of glycine (pH 9.2), 
and 1000 units of EF. coli phosphodiesterase. The remainder of the 
experiment was performed exactly as described under A. 

C. The reaction mixture (1.8 ml) consisted of 0.95 ymole of 
DNA-P terminally labeled with C'*-deoxycytidylate (2800 c.p.m. 
per umole of P), 12 wmoles of MgCl:, 120 umoles of Tris buffer 
(pH 7.5), and 0.015 ug of pancreatic DNase. The remainder of 
the experiment was carried out as described under A. 


unlabeled DNA and unheated P®-labeled DNA), less than 2% 
of the radioactive DNA was made acid-soluble at a time when 
88% of the added unlabeled DNA was converted to an acid- 
soluble form as measured by the appearance of acid-soluble 
ultraviolet absorbing material. 

DNA, when heated, undergoes a sharp helix coil transition re- 
sulting from the rupture of the hydrogen bonds of the molecule 
and the collapse of the macromolecular structure. This transi- 
tion can be easily measured by observing the rise in optical 
density (the hyperchromicity) of the DNA solution. The tem- 
perature at which the transition occurs and the shape of the 
transition curve are related to the nature of the DNA and the 
ionic strength of the medium (25). 

The helix coil transition as measured optically was observed to 


5 
mM | 
| 
n | 
5 | r4 e 
| 
)) 
)- 
‘y - 
t 
t 
0 60 60 120 
J 


1482 


TABLE II 


Effect of state of DNA on activity of E. coli phosphodiesterase 


The reaction mixtures contained 170 mumoles of DNA-P, 20 
umoles of glycine buffer pH 9.7, 2 umoles of MgClz, and 9 units of 
concentrated DEAE fraction in a final volume of 0.30 ml. After 
30 minutes at 37°, 0.2 ml of a ‘‘carrier’’ calf thymus DNA solution 
(2.5 mg per ml) and 0.5 ml of cold 1 N perchloric acid were added. 
After 5 minutes at 0°, the precipitate was removed by centrifuga- 
tion and the optical density of the supernatant fluid at 260 mu 
was determined. For each DNA sample a control tube lacking 
enzyme was run and this value was subtracted from the optical 
density obtained in the reaction mixture containingenzyme. The 
optical density was converted to nucleotide equivalents with the 
use of a molar extinction coefficient of 10,000. 


DNA 
mumoles 
E.coli DNA pretreated with pancreatic DNasef. 32 


* This value was obtained by measuring the formation of acid- 
soluble P*® from P*?-labeled E. coli DNA at a specific radioactivity 
of 10 we per umole of P. 

1 The DNA was dissolved in 0.02 m NaCl containing 0.025 m 
Tris buffer, pH 7.5, and heated for 10 minutes at 100° and then 
chilled. 

t 0.3 umole of E. coli DNA-P was treated with 0.002 ug of pan- 
creatic DNase for 60 minutes in the presence of 10-? m Mg** and 
10°? m Tris buffer, pH 7.5. 


TABLE III 


Specific hydrolysis of heated DNA in a mizture of heated 
and unheated DNA 


The reaction mixtures (0.30 ml) contained glycine buffer pH 
9.7, 20 umoles; MgCl, 2 umoles; P* E. coli DNA, 75 mumoles of 
P; and P*® E. coli DNA, 15 myumoles of P (1 we per umole) as indi- 
cated, and 20 units of concentrated DEAE fraction. After 30 
minutes at 37°, ‘‘carrier’’ thymus DNA and perchloric acid were 
added and the optical density at 260 my and radioactivity of the 
supernatant fluids were determined as for Table II. 


Additions 
% Heated % Unheated 
hydrolyzed hydrolyzed 
Experi- | Heated DNA /| Unheated DNA 
ment 
Radio- Radi 
activity| U-Y- | activity | U-V- 
§ | - — 88 <2 <2 


take place at the same temperature (about 90°) as the transition 
of DNA from an inactive to an active enzymatic substrate. 
Furthermore, there is a close correspondence in the shape of the 
two transition curves (Fig. 2). 

Characterization of Enzymatic Products—Calf thymus DNA 
which had been heated at 100° for 10 minutes and then treated 
with the E. coli diesterase, was converted completely to acid- 
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Fic. 2. Parallelism between hyperchromicity of DNA and its 
activity as a substrate for the Z. coli phosphodiesterase. Aliquots 
of an £. coli DNA solution (0.7 ymole of P per ml in 0.2 m NaCl 
containing 0.025 m Tris buffer, pH 7.5) were heated for 10 minutes 
at the temperatures indicated, then chilled and the optical density 
at 260 mu determined. The maximal hyperchromicity observed 
was 16.2%, a value which is below the value of 30% characteristic 
of a total helix coil transition. This is presumably the result of 
the partial reversal of the hyperchromic effect observed upon 
cooling when DNA is heated in solution of high ionic strength 
(25). The heated DNA samples (140 mumoles each) were then 
tested in the enzyme assay as for Table II. The maximal enzy- 
matic rate obtained was 30 mymoles made acid-soluble per 30 
minutes. 


soluble products. More than 95% of the phosphate of this di- 
gest was sensitive to semen monoesterase.*‘ 

In attempting to characterize the end products produced by 
this enzyme from DNA (E. coli, T2 bacteriophage, or calf thy- 
mus) which had undergone partial degradation with pancreatic 
DNase, it was observed that the extent to which these DNA’s 
were converted to mononucleotides depended strikingly on the 
degree to which they were pretreated with the pancreatic DNase 
(Fig. 3). If DNA (in this case, DNA from phage T2) was incu- 
bated directly with the purified enzyme, no monoesterase-sensi- 
tive phosphate could be detected (Curve 3, Fig. 3). Exposure of 
the phage DNA to a low concentration of pancreatic DNase 
(about 0.005 ug of DNase per umole of DNA-P for 1 hour) fol- 
lowed by incubation with the diesterase resulted in the conver- 
sion of 95% of the phosphate of the digest to a monoesterase- 
sensitive form (Curve 1, Fig. 3). 

When a digest produced as in Curve 1 was chromatographed on 
a Dowex 1-formate column, according to the method of Privat de 
Garilhe and Laskowski (26), 94% of the material initially added 
to the column was recovered in the form of mononucleotides; 
no nucleosides were observed. The ratio of isolated deoxyade- 
nylate plus thymidylate to deoxyguanylate plus hydroxymethyl] 


‘ Phosphate sensitive to monoesterase includes the phosphate 
of mononucleotides and the terminal phosphate of polynucleo- 
tides. Under the conditions of the assay, this value is roughly 
equivalent to the mononucleotide phosphate alone, since it has 
been observed that the monoester phosphate of di- and oligonu- 
cleotides is split only with difficulty by the human semen mono- 
esterase. 
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- deoxycytidylate® of 1.82 (Table IV) agrees well with the values 
_ reported by Wyatt and Cohen (27) for the constituent bases of 
_ J2 phage DNA as determined by formic acid hydrolysis of this 


The deoxyadenylate isolated from the digest upon treatment 


| with the specific 5’-nucleotidase from bull semen was completely 


dephosphorylated so that this mononucleotide was 5’-dAMP. 


It may be inferred that the other mononucleotides of the digest 


also contained a 5’-phosphoryl group. ‘The same nucleotidase 
preparation produced no measurable orthophosphate upon incu- 


bation with 3’-AMP. 
When the E. colt phosphodiesterase was incubated with DNA 


which had been degraded to a limit with pancreatic DNase 


(about 10 ug of DNase per ymole of DNA-P for 7 hours), the 


- level of monoesterase-sensitive phosphate increased from 4% 
(the result of the action of the pancreatic enzyme) to a level of 


43%, but did not exceed this limit even upon further addition 
of enzyme (Curve 2, Fig. 3). Addition of snake venom phospho- 
diesterase to this digest raised the level of monoesterase-sensitive 
phosphate to 92% within 2 hours. Venom diesterase alone, 
added to a pancreatic DNase limit digest of T2 bacteriophage 
DNA, yields a final limit digest which contains some 70% mono- 
nucleotides together with an oligonucleotide fraction (30%) in 
which is concentrated most of the glucosylated hydroxymethyl 
cytosine of the DNA (5). 

When a limit digest of DNA (in this case, DNA from calf 
thymus)® produced as shown in Curve 2, Fig. 3, was chromato- 
graphed on a Dowex 1-formate column, 49% of the digest was 
recovered in the form of the four deoxymononucleotides; the 


| remainder could be completely accounted for as dinucleotides. 


Partial resolution of the dinucleotide fraction was achieved by 
chromatography of the digest on DEAE-cellulose.” A column 
of DEAE-cellulose (20 x 1 cm) was equilibrated with 0.01 m 
ammonium bicarbonate at pH 8.6; the equilibration and chro- 
matography were carried out at 4°. Five milliliters of digest 
containing a total of 210 optical density units at 260 my were 
added to the column. The column was washed with about 100 
ml of 0.01 mM ammonium bicarbonate buffer and a linear gradient 
was applied with limiting concentrations of 0.04 m and 0.1 m 
ammonium bicarbonate, pH 8.6. The elution pattern (Fig. 4) 
shows four incompletely resolved peaks in addition to the four 
deoxymononucleotides; elution with 0.2 M ammonium bicarbon- 
ate (pH 8.6) produced an additional peak (V). Of the ultra- 
violet absorbing material applied to the column, 47% was re- 
covered in the mononucleotide region and 47% was present in 
Peaks I through V. ‘Treatment of the column with 1 M am- 
monium bicarbonate, pH 8.6, eluted no more ultraviolet absorb- 
ing material. The fractions comprising Peaks 1 through V 
were each pooled and taken to dryness under reduced pres- 
sure; this procedure also removed most of the ammonium bicarbon- 


’ The various glucosylated and nonglucosylated hydroxymethyl] 
deoxycytidylates were not separated in this chromatogram. 
They will be described in a subsequent publication. 

6 To avoid the added complexity introduced by the presence of 
glucosylated and nonglucosylated hydroxymethyl cytosine nucleo- 
tides in T2 DNA, a digest of calf thymus DNA was used in these 
studies. | 

7 These experiments were begun in conjunction with Dr. Leon 
Heppel and Dr. Herbert Sober at the National Institutes of 
Health. I am indebted to Drs. Heppel and Sober for the hospi- 
tality of their laboratories and for their guidance in resolving and 
identifying the dinucleotide fractions of the enzymatic digest. 
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Hours of incubation with E coli Diesterase 

Fig. 3. Effect of state of DNA on extent of conversion of the 
DNA phosphate to monoesterase sensitivity. Curve 1, the incu- 
bation mixture (1.5 ml) contained 3.4 umoles of T; phage DNA-P, 
0.02 ug of pancreatic DNase, 150 yg of bovine plasma albumin, 
15 umoles of Tris buffer (pH 7.5), and 1.5 umoles of MgCl. After 
60 minutes at 37°, the mixture was heated for 5 minutes at 75°, 
then chilled. 200 uwmoles of glycine (pH 9.2), 20 umoles of MgCle, 
and 100 units of the E. coli phosphodiesterase were added. The 
volume was brought to 3.0 ml and incubated again at 37°. At the 
times indicated, 0.4-ml samples were removed from the reaction 
mixture and heated for 2 minutes in a boiling water bath. Then 
0.01 ml of 0.5 N HCI, 40 umoles of sodium acetate buffer (pH 5.0), 
and 8 units of semen monoesterase (an amount which produces 
orthophosphate from 5’-AMP at a rate of 8 umoles per hour) were 
added. After 30 minutes at 37°, 0.07 ml of 70% (weight per vol- 
ume) trichloroacetic acid was added and the suspension was kept 
at 0° for 5 minutes. The precipitate was removed by centrifuga- 
tion and the orthophosphate content of the supernatant fluid was 
determined. Total phosphate in the 0-, 60-, and 240-minute 
samples was determined as well. 

Curve 2, the incubation mixture (1.5 ml) contained 3.4 umoles of 
T2 phage DNA-P, 30 ug of pancreatic DNase, 150 ug of bovine 
plasma albumin, 15 uwmoles of Tris buffer pH 7.5, and 1.5 wmoles of 
MgCl:. The incubation was for 7 hours at 37°. The reaction 
mixture was heated at 75° for 5 minutes, then chilled. The other 
constituents of the incubation mixture were added and the re- 
mainder of the experiment was carried out exactly as for Curve 1. 

Curve 3, the procedure was identical to that for Curve 1, except 
that the DNA was treated directly with the E. coli diesterase 
without prior incubation with pancreatic DNase. 


IV 
Deoxynucleotides in complete enzymatic digest of T: phage DNA 


Nucleotide | umoles 
1.62 
A+T | 
= 1.8 | 
G + HMC at | 


* Hydroxymethyl deoxycytidine monophosphate. 
tT A = dAMP, T = dTMP, G = dGMP, HMC = dHMCMP. 
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Fic. 4. DEAE-cellulose chromatography of limit digest produced from calf thymus DNA by the E. coli phosphodiesterase. 


ate. The dried fractions were then dissolved in 0.2 ml of water 
and subjected to paper electrophoresis at pH 3.5 for 2 hours. 
Each of the fractions, with the exception of V, was found to 
consist of several constituents. They were eluted from the 
paper (recovery, 82 to 94%) and aliquots were chromatographed 
on paper with both Solvents 1 and 2. In each case the electro- 
phoretic fractions were found to consist of a single component. 
An aliquot of each electrophoretic fraction was treated with 
venom phosphodiesterase; one-half of the reaction mixture was 
chromatographed in Solvent 1 and the remainder analyzed by 
paper electrophoresis at pH 3.5. The constituent deoxymono- 
nucleotides were identified by their Rp values in these two sys- 
tems as compared with known 5’-deoxynucleotide markers. The 
mononucleotides were then eluted from the chromatograms and 
the concentration of each determined. With the exception of 
those fractions which contained only a single type of nucleotide, 
all of the fractions were found to consist of two nucleotide com- 
ponents present in equimolar proportions. In the case of those 
fractions which contained only a single type of nucleotide, the 
total and monoesterase-sensitive phosphate of each was deter- 
mined and ratio was found to be very nearly 2:1. These results 
show that the non-mononucleotide fraction of the digest was 
composed entirely of dinucleotides. 

The determination of which of the two possible isomeric pairs 
predominated in a given dinucleotide was carried out by the 
method of Sinsheimer (28). Each dinucleoside diphosphate was 
treated first with purified semen monoesterase to convert it to 
the corresponding dinucleoside monophosphate, then treated 
with venom diesterase to vield a nucleoside and a 5’-mononucleo- 


tide. The nucleoside component is derived from the end bearing 
a terminal 5’-phosphoryl group; the nucleotide component is 
obtained from the end bearing a 3’-hydroxyl group. The split 
products were analyzed by paper electrophoresis at pH 3.5, a 
procedure which permits identification of the nucleotide, and by 
paper chromatography in Solvents 2 and 3, procedures by which 
both the nucleotide and nucleoside can be identified. In each 
instance, one of the two isomeric pairs either was present exclu- 
sively or was present in great excess over the other (Table V). 
Sinsheimer (28) and Privat de Garilhe et al. (29) have isolated 
all of the isomeric dinucleotides in a pancreatic DNase limit 
digest of calf thymus DNA (about 16% of the total) and have 
found that the sequence p-Purine-p-Pyrimidine was either absent 
or very rare, with the exception of d-pGpC in which the reverse 
sequence predominated. In the dinucleotides of the limit digest 
produced by the E. coli phosphodiesterase (approximately 50% 
of the total), precisely the same situation was found to exist 
(Table V). 

To eliminate the possibility that some inhibitor is developed 
during the degradation of DNA by high concentrations of pan- 
creatic DNase, which in turn prevents the splitting of dinucleo- 
tides by the E. coli phosphodiesterase, d-pTpT, d-pCpT, and 
d-pGpG were isolated from the limit digest and treated with excess 
enzyme. One-tenth umole of each dinucleotide was incubated 
with 30 units of enzyme for a period of 3 hours and the reaction 
mixture was chromatographed in Solvent 2, together with the 
untreated dinucleotides. In no case was any splitting observed. 


Hydrolysis of even 10% of the dinucleotide could have been © 


detected by this procedure. ‘Treatment of the dinucleotides with 
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venom diesterase resulted in quantitative conversion to their 
constituent mononucleotides. It was also conceivable that the 
termination of a dinucleotide with a 5’-phosphoryl group pre- 
vented its cleavage by the diesterase. To test this possibility, 
d-pGpG was treated first with purified semen monoesterase to 
convert it to the dinucleoside monophosphate (d-GpG), then 
incubated with the enzyme and chromatographed as before. 
As in the case of d-pGpG, no hydrolysis was observed. 


Properties of the Purified Enzyme 

Absence of Nucleotidase—The purified enzyme is free of any 
detectable acid or alkaline nucleotidase activity. Thus, when 
50 mumoles of 5’-dCMP® (specific activity, 6 uc per umole) 
were incubated with 10 units of enzyme for 30 minutes at either 
pH 5 or 9, less than 0.01 mumole of the P® was converted to a 
form in which it was no longer adsorbed to Norit. Under com- 
parable conditions more than 95% of the P® of 5’-dCMP® was 
rendered non-adsorbable to Norit when treated with purified 
monoesterase (pH 5) or with 5’-nucleotidase (pH 9). 

Activity on RN A—The purified enzyme preparation hydrolyzes 
RNA very slowly. Incubation of 9 units of enzyme with 0.1 
pmole of purified EZ. coli RNA-P for 2 hours resulted in the con- 
version of only 12% of the total P to an acid-soluble form! A 
similar result was obtained with the use of RNA preheated at 
100° for 10 minutes. The same quantity of partially degraded 
DNA? from £E. coli was converted completely to acid-soluble 
products under the same conditions. RNA did not prevent the 
hydrolysis of the DNA by this enzyme preparation, since incuba- 
tion of partially degraded P-labeled DNA with a 20-fold excess 
of RNA (unlabeled) resulted in a complete conversion of the 
DNA to acid-soluble products and again only about 10% hydrol- 
ysis of the RNA. In view of the large amounts of enzyme which 
must be added to observe any degradation of RNA, it is not 
clear whether the RNase activity of the purified enzyme prepara- 
tion is a function of the diesterase or may be attributed to a 
contaminating enzyme. 

Magnesium Requirement—Under the conditions of the assay, 
no significant difference in activity could be detected at Mgt+ 
concentrations ranging from 1.5 X 10-* to 3 K 10-7 m. In the 
absence of added Mg++ 4 to ¢ of maximal activity was observed. 
This residual activity was completely eliminated by the addition 
to the reaction mixture of Versene (0.02 m), suggesting that the 
enzyme has an absolute requirement for some cation and that 
the residual activity is the result of traces of the metal ion present 
in the enzyme preparation. Mgt+ could not be effectively re- 
placed by a number of other divalent cations. Thus Mn++ and 
Ca++ each, at concentrations of 3 X 10-4 or 6 x 10-3 M, com- 
pletely abolished enzymatic activity. Zn**+ gave 64% of maxi- 
mal activity at a concentration of 3 X 10-4 M, and less than 10% 
at 6 107° M. 

pH Optintum—The pH optimum for the purified enzyme is 
between pH 9.2 and 9.8 (0.07 m glycine buffer). At pH 10.7 
(0.07 m glycine) about 30% of optimal activity and at pH 7.5 
(0.07 m Tris buffer) about 20% of optimal activity was observed. 
Enzymatic activity is enhanced by phosphate ion. Thus at pH 
8.5 (0.07 m glycine), where the activity was 60% of optimal, the 


® Amino acid acceptor RNA (32), kindly provided by Dr. Paul 
Berg. 

*The DNA was treated with a minute amount of pancreatic 
DNase as described for the preparation of partially degraded P*- 
labeled DNA. 
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Deoxzydinucleotides in limit E. coli phosphodiesterase 
digest of calf thymus DNA 


The incubation mixtures for the reaction with venom phospho- 
diesterase consisted of approximately 0.1 umole of dinucleotide; 
glycine buffer pH 8.5, 2 uzmoles; MgCl:, 1 umole; and venom dies- 
terase, 2.5 units, in a final volume of 0.06 ml. Incubation was for 
90 minutes at 37°. The split products were then analyzed by pa- 
per chromatography in Solvent 1 and by paper electrophoresis. 

Successive treatment of the dinucleotides, first with semen 
phosphatase, then with venom diesterase was carried out as fol- 
lows: the incubation mixtures contained approximately 0.1 umole 
of dinucleotide; sodium acetate buffer pH 5.0, 7.5 uwmoles; and 
semen phosphatase, 80 units, in a volume of 0.065 ml. After 90 
minutes at 37°, the pH was adjusted to approximately 7.5 by the 
addition of 0.03 ml of 0.1 m NH,OH and the tubes were heated for 
2 minutes at 100°. After cooling, 4 wmoles of glycine buffer pH 
8.5, 2umoles of MgCl:, and 5 units of venom diesterase were added. 
The final volume was 0.13 ml. After incubation at 37° for 4 hours, 
the samples were concentrated to about 0.06 ml and analyzed by 
paper electrophoresis and by paper chromatography in Solvents 
1 and 2. 


% Optical density at 
DEAE fraction Deoxydinucleotides 260 my in dinucleotide 
fraction® 
I d-pCpC® 3.3 
d-pCpT*¢ 13.5 
d-pTpT 2.2 
II d-pCpA 14.7 
d-pApA 8.1 
d-pTpA 14.2 
III d-pGpC | 3.4 
d-pGpA¢ | 13.74 
IV d-pMpG* | 4.3 
| d-pTpG*s | 13.8/ 
Vv d-pGpG | 8.8 


¢ These values were corrected to 100% recovery from the paper 
electrophoretic strip. The actual recoveries ranged from 82 to 
94%. 

> The reproducibility of those values which are less than 5% 
of the total is +20%. For those values which are greater than 
5%, the reproducibility is of the order of +10%. 

¢ This is the predominant isomer; relatively small amounts of 
the opposite isomer were observed. In the case of d-pTpA, 
d-pGpC and d-pMpG, the isomer listed was the only one that 
could be detected. 

4d-pGpA was also present in Fraction IV. 
sents the total d-pGpA. 

* The dinucleotide of 5 methyldeoxycytidine and deoxyguano- 
sine. 

fd-pTpG was also present in Fraction III. This value repre- 
sents the total d-pTpG. 


This value repre- 


addition of 0.07 m K;HPO, (pH 8.5) increased the activity to 
the optimal level. 

Stability—The concentrated DEAE fraction showed no signifi- 
cant loss of activity when stored at —20° for 2 months. A loss 
of about 60% in activity was observed after storage at —20° for 
6 months. 
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DISCUSSION 


It is apparent from the data presented here that the substrate 
attacked most readily by the EZ. colt phosphodiesterase is a DNA 
which has undergone collapse of its secondary structure as a 
result of heating."° The rapid cleavage of DNA from the bac- 
teriophage @X 174 further suggests that single-stranded DNA 
is the optimal substrate for this enzyme. The extremely low 
order of enzymatic activity observed with intact, double-stranded 
DNA as substrate can, therefore, most probably be attributed 
to the inability of the enzyme to attack an extended, hydrogen- 
bonded structure, and not to the low molar concentration of 
chain ends present in a solution of intact DNA. The latter 
alternative might have been anticipated on the basis of the 
exonucleolytic mechanism of enzymatic cleavage. In view of 
the striking difference in hydrolytic activity on heated and @X 


174 DNA as compared with double-stranded DNA, a classifica- - 


tion of enzymes attacking polydeoxynucleotides might be pro- 
posed which defines phosphodiesterases as those enzymes which 
can only attack single-stranded polydeoxynucleotide chains and 
deoxyribonucleases as enzymes capable of attacking both the 
single- and double-stranded forms. 

An interesting property of the E. coli phosphodiesterase is its 
apparent inability to cleave dinucleotides. One might postulate 
that the enzyme begins at the 3’-hydroxyl end of a polydeoxy- 
nucleotide chain and hydrolyzes the chain in a stepwise fashion, 
producing 5’-deoxymononucleotides until the terminal dinucleo- 
tide is reached, whereupon cleavage ceases. This picture of the 
enzymatic mechanism is supported by three lines of evidence: 

1. The enzyme appears to be an exonuclease, initiating hydrol- 
ysis at the 3’-hydroxy] end of the polydeoxynucleotide chain. 

2. The E. coli phosphodiesterase cannot cleave dinucleotides 
(d-pGpG, d-pTpT and d-pCpT) when these are incubated di- 
rectly with the enzyme. 

3. A limit pancreatic DNase digest of DNA is converted com- 
pletely to a mixture of mono- and dinucleotides by the £. coli 
phosphodiesterase. 

A limit pancreatic DNase digest of calf thymus DNA consists 
of about 1% mononucleotides, 16% dinucleotides, and the re- 
mainder of oligonucleotides ranging in size from tri- to octa- 
nucleotides; the products are on the average of the magnitude 
of tetranucleotides (30). Treatment of this digest with the LE. 
coli diesterase results in the formation of a final limit digest con- 
sisting of one-half mononucleotides and one-half dinucleotides. 
On the other hand, incubation of heated DNA or DNA subjected 
to minute amounts of pancreatic DNase with the diesterase 
yields a final digest consisting, as far as can be detected, entirely 
of mononucleotides. This result is to be anticipated on the 
basis of the proposed mechanism. In the latter case, the termi- 
nal dinucleotide of a DNA chain some 1,000 to 10,000 nucleotides 
long would represent only 0.2 to 0.02% of the total nucleotide 
equivalents and would not be detected by the techniques used. 
In the former case, the average polynucleotide chain length is 4, 
so that terminal dinucleotide represents some 50% of the total. 

It is also of interest to note that the sequence of purines and 
pyrimidines in the isomeric dinucleotides found in an E. colt 
diesterase digest produced from a pancreatic DNase limit digest 
is precisely that observed in the dinucleotides of the pancreatic 
DNase digest. That is, the sequence p-Pyrimidine-p-Purine is 

1° The rate of hydrolysis of DNA by venom diesterase is also 


markedly stimulated if the DNA is heated. Personal communica- 
tion from Dr. W. E. Razzell and Dr. H. G. Khorana. 


Deoxyribonucleases of E.coli. I. 


Vol. 235, No. 5 


always the predominant one, with the exception of d-pGp(. 
This result can be explained by assuming that the pancreatic 
enzyme may cleave the DNA chain so as to produce a polynucleo- 
tide terminating at its 5’-end in the sequence p-Pyrimidine-p- 
Purine; this sequence being split only rarely. Occasionally, de- 
pending upon further specificity considerations, the pancreatic 
enzyme may cleave this terminal dinucleotide from the polynu- 
cleotide chain to produce a free dinucleotide. When this second 
cleavage does not occur, an oligonucleotide results. Upon ex- 
posure of the latter to the diesterase, the same dinucleotide 
would be produced; its frequency would, however, be increased, 
since it would result from any chain terminated by that particular 
dinucleotide. Therefore, the dinucleotides produced by the E. 
coli diesterase under these conditions may be considered to be a 
reflection of the specificity of the pancreatic DNase. 

The inability of the EH. coli enzyme to cleave the termina] 
5’-dinucleotide of a polydeoxynucleotide chain may provide a 
means of identifying the nucleotides situated at the end of such 
a chain; it may therefore be a useful reagent in polydeoxynucleo- 
tide end group analysis. 

This enzyme also provides a means of obtaining dinucleotides 
from DNA in high yield. Thus some 50% of the DNA is con- 
verted into a dinucleotide fraction consisting principally of 
d-pCpA, d-pTpA, d-pApA, d-pGpG, d-pGpA, d-pTpG, and 
d-pCpT. Such dinucleotides might be of value in specificity 
studies involving other nucleases. 

An important difference between the E. coli phosphodiesterase 
and the diesterase from snake venom is in the ability of the bac- 
terial enzyme to degrade appropriately pretreated bacteriophage 
DNA’s bearing glucosylated hydroxymethyl] cytosine completely 
to their constituent mononucleotides. The venom diesterase 
is unable to hydrolyze most linkages in which glucosylated 
hydroxymethyl cytosine is involved. The availability of an 
enzyme which can degrade the bacteriophage DNA’s to their 
constituent mononucleotides (with the exception of the terminal 
dinucleotide of the chain) has permitted a detailed analysis of 
all the glucosylated hydroxymethyl] cytosine nucleotides present 
in these DNA’s." 

The partially degraded P*-labeled DNA used in the detection 
of the E. colt phosphodiesterase and its subsequent purification 
provides an extremely sensitive substrate for surveying tissue 
extracts for their various DNase and diesterase levels. The 
sensitivity of this technique is limited only by the specific radio- 
activity of the DNA. Furthermore, one may observe phospho- 
diesterases which would otherwise go undetected were one to 
use the conventional diesterase substrate, Ca[bis(p-nitropheny])- 
phosphate], The latter is not split by a diesterase such as is 
described here. 


SUMMARY 


A phosphodiesterase has been purified about 140-fold from 
extracts of Escherichia coli, which has the following properties. 

1. It shows only slight activity with intact, double-stranded 
deoxyribonucleic acid (DNA), but rapidly hydrolyzes heated, 
double-stranded DNA or DNA from bacteriophage @X 174 to 
5’-mononucleotides. Hydrolysis proceeds in a stepwise manner, 
beginning at the 3’-hydroxy] end of the chain. 

2. The enzyme is unable to cleave free dinucleotides or the 
5’-terminal dinucleotide of a polydeoxynucleotide chain. As a 
result, its action on a pancreatic DNase limit digest of calf 


11 Unpublished results. 
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thymus DNA in which the average chain length is 4, produces 
a digest consisting of one-half mononucleotides and one-half 
dinucleotides. In the case of a DNA chain several thousand 
nucleotides long, the 5’-terminal dinucleotide represents only a 
very small proportion of the total, hence more than 95% of the 
chain can be hydrolyzed to mononucleotides. 

3. The E. coli phosphodiesterase, in contrast to venom phos- 
phodiesterase, is able to degrade bacteriophage DNA’s bearing 
glucosylated hydroxymethyl cytosine, to their constituent mono- 
nucleotides. 

4. The purified enzyme is most active at an alkaline pH (9.2 
to 9.8) and requires Mg** for optimal activity. 


Acknowledgments—I gratefully acknowledge a grant from the 
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Until the invention of chromatographic analytical methods 
(1), which do not depend upon the precipitation of major com- 
- ponents of complex mixtures, knowledge of the constituents of 
nucleic acids was confined to the principal bases, adenine, gua- 
nine, cytosine, uracil, and thymine, and their nucleosides and 
nucleotides. Although the existence of isomeric forms of the 
nucleotides was the first discovery attributable to the new 
methods (3, 4), the presence of 5-methylcytosine (5, 6) (and 
later 5-hydroxymethylcytosine (7)) in deoxyribonucleic acids 
constituted the first indication of different bases. At about 
the same time, unidentified peaks (and spots) began to appear 
in chromatograms of RNA hydrolysates. Some of these were 
compounds of one or more of the known nucleotides (in poly- 
nucleotide form, for example), but others, more recently rec- 
ognized, have been identified as methy] derivatives of the com- 
mon RNA nucleotides occurring in small amounts (8, 9). 

All of the more recently discovered bases, as with 5-methyl- 
cytosine, occur in the usual N-ribosyl linkage. However, the 
first “minor” nucleotide from RNA to appear (Fig. 1 of Cohn 
and Volkin (10), peak labeled ?) was not readily identified with 
such a linkage. In retrospect it seems likely that the difficulty 
derives from the fact, demonstrated in this paper, that the 
base-ribosy] linkage is not C-N but C-C. 

The isolation and certain of the physical and chemical prop- 
erties of this unusual nucleoside have been described (la, 11- 
13). Much of the chemical and physical evidence that estab- 
lishes its structure as 5-ribosyluracil has been summarized pre- 
viously (la) and the term pseudouridine has been proposed 
for a trivial name. In this paper are described certain of the 
chemical, chromatographic, spectrophotometric, and nuclear 
magnetic properties of the substance and its derivatives that 
pertain to the question of structure and natural occurrence. 


EXPERIMENTAL 


Materials and Methods 


The material used as a source for the preparation of large 
(50 to 500 mg) amounts of pseudouridylate was yeast RNA 
from the Schwarz Laboratories and the Pabst Laboratories. 
Both contained 0.2 to 0.3% of the desired substance. Alka- 
line hydrolysis was carried out in 0.5 N NaOH for 18 hours 
at 37°. NaOH was removed by adding Dowex 50-H* or Am- 
berlite IR-120(H*) with stirring until the pH fell to approxi- 


* Operated by Union Carbide Corporation for the United States 
Atomic Energy Commission. 


mately 3. To the filtered solution, one volume of alcohol wag 
added and the solution was kept at 0° overnight to precipi- 
tate guanylic acid. Sometimes a second precipitation, at 75% 
alcohol, was used to eliminate part of the adenylic and cyti- 
dylic acids. The supernatant solution, somewhat diluted and 
made alkaline with ammonia, was subjected to ion exchange 
chromatography. 

The ion exchange chromatography of the mixed 2’ and 3’ 
nucleotides! utilized columns of Dowex 1-formate (200 to 400 
mesh, 8% divinylbenzene content) of various sizes, depending 
upon the amounts of nucleotide material being handled. The 
sequence of acids and buffers used was essentially that of Cohn 
and Volkin (10), but the final separation of pseudouridylate 
from uridylate, or the separation of pseudouridylate isomers 
from each other was accomplished with 0.05 m NH, formate- 
0.001 m formic acid. The separation of the nucleosides of 
pseudouridine utilized a gradient elution scheme in which borate 
and NH,OH decreased and NH,Cl increased, all in a linear 
fashion (14). The separation of uridine from pseudouridine C, 
or of the 2’ from the 3’s nucleotide, was generally effected 
on Whatman 3MM paper by descending paper chromatography 
in NH, isobutyrate-isobutyric acid buffer (15). 

Most dephosphorylations were performed with acid prostatic 
phosphatase, generously supplied by Dr. Gerhard Schmidt. 


RESULTS 


I. Separation of Pseudouridylates by 
Ion Exchange Chromatography 


a. Preparation from Alkaline Hydrolysate of RN A—Pseudo- 
uridylic acid is readily isolated from alkaline hydrolysates of 
RNA by the same procedure that first led to its detection by 
Cohn and Volkin (10). Pseudouridylic acid obtained in this 
fashion is relatively free of all other major nucleotides. Any 
adenylic acids that happen to contaminate the product are 
automatically removed in the concentration and recovery steps, 
but any uridine 2’-phosphate picked up in the pseudouridylate 
peak is separable only by a repetition of the third elution se- 
quence of Fig. 1 (see Section Ic and Fig. 2) or by paper chro- 
matography. A common contaminant of the 2’s pseudouri- 
dylate is uridine 5’-phosphate, easily eliminated by hydrolysis 
with a 5’ nucleotidase. 

It is possible to combine the first two steps (0.02 m and 0.2 
M formic acid), in which case the cytidylic and adenylic acids 


1In preparation for Biochemical Preparations, Vol. 8, in press. 
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may or may not separate from each other, or to omit them 
altogether and proceed directly to the formate buffer. In the 
latter case, pseudouridylic acid is obtained in a large amount 
of cytidylic acid, from which it separates in the concentration 
procedure described in Section Ib. 

In any case, the appearance of pseudouridylic acid in a cy- 
tidylic, adenylic, or uridylic acid fraction, or of any of these 
in the pseudouridylic acid fraction, may be detected with great 
(approx. 1%) sensitivity by observing the spectrophotometric 
shift at 290 my» when the pH is raised from below 8 to 12 and 
13. This is described in detail in a later section, but we may 
note here that pseudouridylate is the only one of this group 
that shows a marked enhancement of absorption in the 280 
to 295 my region at pH 12 over that observed at pH 8. 

b. Concentration—The pseudouridylate, obtained as indicated 
in formate (or other) salt solution and possibly contaminated 
with adenylates or cytidylates, is readily reabsorbed on a smaller 
anion exchange column if it is first made alkaline (pH ~ 11) 
with NH,OH. With an ionization (pK approx. 9.6) in the 
pyrimidine nucleus in addition to the secondary phosphate 
ionization, it has a triple affinity for the exchanger. Advantage 
is taken of this fact and the column is converted, after the 
absorption step, from the formate (or other) form to a carbon- 
ate form by washing with about 20 column volumes of 0.1 
u NazCOs3. Nucleotides not possessing the additional acid dis- 
sociation in the alkaline region, such as adenylic and cytidylic 
acids, are removed in this step. After a water wash pseudo- 
uridylic acid is eluted with 0.2 to 0.4 m NH,HCO; (20 to 40 
column volumes); this has a pH of 7 to 8, significantly below 
the alkaline pK of pseudouridylic acid. From the NH,HCO; 
solution, ammonium pseudouridylate may be recovered by 
boiling to expel NH,HCOs, or the free acid may be recovered 
by removing the salt with a cation exchanger in the acid form, 
eg. Dowex 50-H*+ or Amberlite I[R-120(H+). In either case 
the nucleotide is obtained in a water solution free of other nu- 
cleotides and salts. 

c. Separation of Various Forms of Pseudouridylic Acid— 
Pseudouridylic acid exists in several forms, owing both to the 
conventional 2’ and 3’ phosphate isomerism encountered with 
all RNA nucleotides (the a and 6b forms) (4) and to a variety 
of forms assumed by the sugar moiety upon treatment with 
acid or alkali or after reduction. These forms may be detected 
and separated, with varying degrees of completeness, by ion 
exchange chromatography of the type originally used (16) for 
the separation of the isomeric uridine 2’- and 3/’-phosphates 


_as indicated in Fig. 2. 


An original separation from an alkaline RNA hydrolysate is 
shown in Curve I of Fig. 2. The second and third peaks are 
presumed to be the 2’- and 3’-phosphate isomers by analogy 
with all the other pairs of RNA nucleotides and from the enzymic 
evidence summarized in Section VI (but note that the propor- 
tions are reversed; in all other cases, the a and 6b isomers occur 
in a 40:60 ratio (3, 4)). Both forms are dephosphorylated 
by prostatic phosphatase to yield a pseudouridine (designated as 
the C nucleoside; see Section II) that has the properties of 
the expected ribofuranosyl derivative. The small peak that 
often precedes 2’, labeled 2’, in Fig. 2, yields a different nu- 
cleoside, termed B, that has a different ultraviolet absorption 
spectrum. From the evidence of Fig. 2 (Curve JJ) it appears 
to be formed from 2’ by the alkali used in the RNA degrada- 
tion step. A different nucleotide, designated 3’, because of 
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VOLUME ( LITERS ) 
Fig. 1. Ion exchange separation of nucleotides of alkaline hy- 
drolysate of about 1 g of yeast RNA. Dowex 1-formate, 200 to 
400 mesh, 4 cm? X 15cm. Approximately 4 mg of pseudouridylic 
acids (¥) obtained (see Fig. 2, Curve I). Flow rate about 8 ml per 
min. 


spectral and nucleoside identity with the 2’s of Fig. 2 (Curves 
I and IJ), appears to be formed when 3’ pseudouridylate is 
treated with alkali (Fig. 2, Curve JV). If any of this nucleo- 
tide is present in the original alkaline hydrolysate, it appears 
under the 2’ peak and is almost inseparable from it. A small 
degree of separation of 3’s and 2’ can be achieved by paper 
chromatography in isobutyrate buffer. The slightly altered 
spectral ratios of unpurified 2’ with respect to 3’, and the fact 
that all crude 2’ preparations, after dephosphorylation, show 
a small amount of nucleoside B in the pseudouridine (C) that 
is formed, indicate that such contamination is the usual case. 

Treatment of either 2’ or 3’ pseudouridylate with acid, which 
in other ribose phosphates leads to interconversion of each iso- 
mer to a mixture of both (4, 16, 17), gives a complex mixture 
of pseudouridylate isomers (Fig. 2, Curves III and V). Be- 
sides some nucleoside, owing to simple dephosphorylation, and 
the expected 2’ and 3’ nucleotides, there are formed nucleo- 
tides that appear to be, from the fact that each appears in 
more than one position, phosphate isomers of at least two ad- 
ditional nucleoside forms. One of the latter appears to be the 
B form mentioned previously (the nucleoside of the 2’s and 
3’s nucleotides). The other new type, when dephosphorylated, 
yields nucleoside Ag (described in Section II) that differs from 
B and from pseudouridine C in spectrum and in chromato- 
graphic behavior. (A fourth nucleoside form, Ay, becomes 
prominent only after prolonged or more drastic acid treatment. 
It is not a major constituent of the nucleotide chromatograms 
shown in Fig. 2). 


II. Nucleoside Forms 


a. Ion Exchange Behavior—The several nucleoside forms and 
derivatives of pseudouridine (C, B, As, Ar, H) are separable 
by an ion exchange procedure that is based in part upon the 
degree of complexing with borate exhibited by these forms. 
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Fic. 2. Ion exchange chromatograms of pseudouridylic acids 
(approx. 5 to 10 mg) on Dowex 1-formate (200 to 400 mesh, 8% 
divinylbenzene, 12 cm X 0.83 cm?) with 0.05 m NH, formate, 0.001 
M formic acid at 1to2ml permin. The nucleotides, where known, 
are named by numerals (representing phosphate position) and let- 
ters (indicating nucleoside form, where this differs from the ‘‘nor- 
mal,’’ C form) above the peaks, the nucleosides derived from them, 
where known, by letters (see Fig. 3) below the peaks. Indirect 
identifications, for example, by spectra, are indicated by paren- 
theses. Curve I is of the nucleotide material derived from an al- 
kaline hydrolysate of RNA (as in Fig. 1). Curves II through VI 
are of mixtures derived from a and b (see text, Section Ic) of J by 
the means shown at the left. S represents unidentified nucleoside. 
Spectrophotometric absorption ratios are indicated by the dotted 
line. Uridine 2’- and 3’-phosphates were added to the acid digest 
of pseudouridine 3’-phosphate used in V. 
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Fic. 3. Ion exchange separation, in mixed linear gradients, of 
normal and derived pseudouridines (approx. 5 mg) and related 
substances. (J) 5-hydroxymethyluracil (‘‘5’’), pseudouridines Ar, 
As, B, C. (JJ) 5-hydroxymethyluracil, uracil (U), hydrogenated 
pseudouridine (H) and uridine (Ud). (ZIZ) Second product (Peak 
II) of periodate degradation sequence described in text and in Fig. 
8. (IV) First products (Peaks I, Y, Z) of periodate oxidation of 
pseudouridine C; Peak I is the initial dialdehyde that, upon reduc- 
tion in alkaline solution, led to product, Peak II, in Curve III. 
This, in turn, was further degraded to product, Column JI, in 
Fig. 8. The dotted line represents the ratio of absorbancies at 
280 and 260 


The pyrimidine bases 5-CH,OH-uracil and uracil, being essen- 
tially uncomplexed by borate, appear early in the gradient elu- 
tion, whereas uridine, containing the ribofuranosyl moiety that 
complexes so well (18), appears quite late (Fig. 3, Curve IJ). 


Pseudouridine 
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The five nucleosides derived from pseudouridylic acid by acid, 
alkali, or Hz treatment are separable from them and from each 
other as shown in Fig. 3 (Curves I and II). (Those pairs, 
notably Ar and As, and pseudouridine and uridine, that separate 
poorly by ion exchange may be resolved by paper chromatography 
in isobutyrate buffer or butanol-H,O solvents. However, nei- 
ther of these solvents separates the other substances in satis- 
factory fashion.) 

It may be concluded, from the evidence summarized in Figs, 
2 and 3, that the five nucleosides (pseudouridines Ar, Ag, H, 
B, and C) differ from each other in borate complexing ability. 
This is taken as a reflection of differences in sugar structure 
quite apart from changes in or adjacent to the pyrimidine ring 
that would be detectable by pK or ultraviolet absorption dif- 
ferences. From the observation that few, if any, of the sub- 
stances listed in Fig. 3 are well separated by ion exchange in 
the absence of borate, and from the data on ionization pre- 
sented in Section IIc, it is concluded that essentially no changes 
in pK or in number of ionizations take place in going from 
one form to another and, therefore, that the pyrimidine por- 
tion is not directly involved in these transformations. 

The relation of the cis-glycol grouping of a ribofuranosy]l 
moiety, as in uridine (and pseudouridine C), to position in the 
borate elution scheme is shown in Fig. 3 (Curves III and IV), 
Fig. 3 (Curve IV) shows the behavior of pseudouridine C once 
the cis-glycol grouping is destroyed by periodate oxidation; 
Peak I is presumably the expected dialdehyde, whereas Y and 
Z appear to be related products, possibly polymers, that have 
not been identified. Further degradation of Peak I of Fig. 3 
by reduction and hydrolysis, as described later (Section IVb), 
yields the substance, Peak II, in Fig. 3 (Curve III) that occupies 
the same position as 5-CH.OH uracil and that, like it, shows 
no ability to complex with borate. 

It is of interest that hydrogenated pseudouridine (H in Fig. 
2, Curve II), with a spectrum practically identical with nu- 
cleosides B and Ar, appears between them and close to the 
bases. This is in keeping with the acyclic nature of the sugar 
that is postulated for the hydrogenated nucleoside (Section IVe). 

b. Acid-catalyzed Interconversions of Nucleosides—Treatment 
with strong acids (N HCl) at elevated temperatures (100°) pro- 
duces extensive interconversion among the nucleosides. Since 
at least two nucleotides of each of the B and Ag nucleosides 
may be obtained from acid- (or alkali-) treated 2’ or 3’ pseudo- 
uridylates, it is concluded that the ribose moiety remains in- 
tact; none of these substances is a simple pyrimidine base or 
has suffered a loss of carbon. 

The rates of appearance of the B, As, and Ar forms from 
the pseudouridine C form are indicated in Fig. 4. Although Ar 
(and 5-hydroxymethyluracil, or substances that closely resem- 
ble it) steadily accumulates throughout the hydrolysis period 
examined, it has been demonstrated (Table I) that an equilib- 
rium or steady state exists among them; each, when heated 
in acid, gives rise to the other three, or at least to substances 
that are chromatographically and spectrophotometrically in- 
distinguishable from them. This fact supports the previous 
conclusion that all four forms contain the same number of 
carbon (and nitrogen) atoms, and that their differences are at- 
tributable to changes in the ribose portion of the molecule. 

c. Acid Dissociation Constants—Taking the spectrophotomet- 
ric changes with pH as a reflection of ionizations within the 
chromophore (19, 20), it may be concluded that the principal 


May 


chrom 
scribe 
show : 
eil-thy 
tral f 
are in 
by on 
forms 
that 
pH 1: 
of rat’ 
of the 
to the 
the tv 
range! 
places 

d. 
group: 
of me 
enhan 
solven 


mobili 
The u 
plete 
expect 

In « 
compl 
methy 
had or 
mater 
fact 
conclu 
rivatin 


2 
| 
H H H 0 
group: 
the p 
water 
gram 
posses 
ment 
pletel: 
methy 
The 
the hy 
(the | 
with 
pariso 
photo 
the sy} 
dilutic 
ings) ; 
specie: 
Cer 
(see 
these 
corde 
rived 
| 
D. G. 


r- 


Aw 


May !960 


chromophore remains unchanged in all interchanges so far de- 
scribed, including that to 5-hydroxymethyluracil, for all of these 
show spectral changes with pH that are characteristic of the ura- 
eil-thy mine-5-hydroxymethyluracil family. The various spec- 
tral forms are presented in Section III, but in Fig. 5 there 
are indicated the changes in spectral shape that are reflected 
by one specific absorbancy ratio (280:260 mu) with pH. All 
forms have ratios in acid or neutral solution of 0.36 to 0.50 
that rise, with a pK of about 9.6, to 1.4 (Ar) to 2.4 (As) at 
pH 12 and 13; a second pK above 13 is evidenced by changes 
of ratio in that region. The similarity of this behavior to that 
of the pyrimidine bases is evident from the figure and leads 
to the postulates that (a) all forms of pseudouridine possess 
the two ionizable tautomeric groups and the chromophore ar- 
rangement of these pyrimidines, and (b) the sugar residue re- 
places a proton from C; or C¢, not from N; or N3; of the base. 

d. Methylated Forms of Pseudouridine—If both —CO—HN— 
groups in a uracil nucleus are unsubstituted, both are capable 
of methylation with loss of ionizable groups (see (19)) and 
enhancement of mobility in paper chromatography with organic 
solvents. Diazomethane, capable of methylating —-NH—- 
groups but not of attacking the sugar groups, was used? and 
the products were isolated by chromatography with butanol- 
water or isopropanol-acetic acid solvents. A typical chromato- 
gram is shown in Fig. 6. -Whereas uridine and thymidine, each 
possessing only one —-NH— group, show a moderate enhance- 
ment of mobility upon methylation (Columns 2 to 4), com- 
pletely methylated pseudouridine (Column 1), and 5-hydroxy- 
methyluracil (Column 5) show double this enhancement of 
mobility, consistent with the methylation of two —NH— groups. 
The ultraviolet spectrum (in Fig. 7) indicates the almost com- 
plete absence of any ionization between pH 2 and 14 that is 
expected of 1,3-dimethylpseudouridine. 

In other tests in which methylation was interrupted before 
completion, spots intermediate between pseudouridine and di- 
methylpseudouridine were obtained. Each of these substances 
had only one of the two spectral shifts noted in the unmethylated 
material (their spectra are included in Fig. 7). From this 
fact and their intermediate chromatographic position, it is 
concluded that these represent the 1-methyl and 3-methy] de- 
rivatives of pseudouridine. 


ITI. Ultraviolet Absorption Spectra 


The ultraviolet absorption spectra of the four pseudouridines, 
the hydrogenated product, and the three methylated derivatives 
(the presumed 1- and 3-methyl, and 1,3-dimethyl), together 
with uridine and the three related pyrimidine bases for com- 
parison, as determined on a Cary automatic recording spectro- 
photometer, are given in Fig. 7. For each compound are given 
the spectra at pH 7, 12, and 14 (N NaOH, involving a 10% 
dilution with 10 N alkali that is not corrected for in the trac- 
ings); these pH values were chosen to give the various ionic 
species in as pure form as possible. 

Certain differences in relative heights and locations of maxima 
(see Table II) that bear upon the structures are apparent in 
these curves. (a) Pseudouridine C, of all the substances re- 
corded, most closely resembles 5-hydroxymethyluracil. (6) De- 
rived pseudouridines B, Ar, and H resemble each other and 


* The methylations and hydrogenations were carried out by Dr. 
D. G. Doherty. 
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Fic. 4. Acid-catalyzed interconversions of pseudouridines. 
Distribution of forms Ar, As, B, and C with time of heating at 100° 
in N HCl, starting with pseudouridine C. At right side are 
shown distributions after treatment with 3 m H.SO, for 1 hr, and 
after ‘“‘short’’ and “‘long’’ treatments of the dried pseudouridine 
with anhydrous HF (by Dr. D. Lipkin at Washington University). 
About half of the material no longer appearing as A, B, or C 
nucleosides after long-term acid treatment is recovered in definite 
but unidentified peaks by ion exchange chromatography (carried 
out as in Fig. 3). The positions of these peaks, to the right of 
uridine, indicates either a polymeric or a more acidic structure 
without loss of the ultraviolet absorption characteristics of the 
pseudouridines. 


TABLE I 
Interconversions of pseudouridines in N-HC1 at 100° in 60 minutes 


Distribution of species (% of total)* 
Starting material mare 
AF As B Cc 
| 9 6 13 >80 
| 16 33 17 32 >95 
_ | 14 32 16 38 >90 


* The nucleosides produced were separated and identified by 
ion exchange (Fig. 3) and spectrophotometric (Fig. 7) properties. 
In the case of the Ar-Ag pair, separation of the mixture from the 
column was achieved by paper chromatography. 


also resemble uracil and thymine; H approaches thymine more 
closely, but the trend of all three towards thymine from the 
5-hydroxymethyluracil type of spectrum shown by pseudouri- 
dine C possibly indicates a change in the side chain from the 
one type (—CH.OH) towards the other (—CH3;). (c) Although 
As at first glance resembles 3-methylpseudouridine, the spec- 
tral shift between pH 12 and 14 relates it to the unsubstituted 
pyrimidines and we may conclude that a change in the side 
chain that exaggerates the difference between —CH; and 
—CH.OH has occurred. (d) The two derivatives that are ap- 
parently singly methylated have spectra of the type that would 
be predicted for singly methylated uracil compounds (see com- 
parison data in Table II) and specific structures have been 
assigned on this basis. (e) The completely methylated pseudo- 
uridine shows no major shift of spectrum with pH and re- 
sembles dimethyluracil in this respect (Table II). A minor 


shift in the longer wave lengths at pH 14 (also noted in uridine 
and seemingly present in the other ribosyl derivatives shown 
in Fig. 7) may be ascribed to ionizations of the ribosyl hy- 
droxyls at this high pH (21, 22). 
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Fic. 5. Variation of spectrophotometric absorbancy ratio, 
Ao/A2x0, with pH. The curves aré for uracil (Ura), thymine 
(Thy), 5-hydroxymethyluracil (‘‘5’’) and uridine (Urd). The 
points are for pseudouridines C (A), B(@), As (0), Ar (O), and 
for hydrogenated pseudouridine (H). The values indicated by 
the vertical arrows represent the midpoints (pK’s) of the curves 
in the region of 9.6. The presence of two pK’s for all substances, 
one near 9.6 and one above 13, and the similarities of these pK’s 
are clearly indicated. 


IV. Chemical Properties 


a. Elemental Analysis, Extinction Coefficient, and Acid Deg- 
radations—<Analysis of various preparations of the nucleotide 
as the free acid, the cyclohexylamine salt, or the brucine salt 
(the salts were prepared by Dr. D. G. Doherty) indicate a 
C:N:P ratio in the nucleotide of 9:2:1. Analysis of pseudo- 
uridine C after recrystallization from alcohol (m.p. 220-221°) 
gave a C:N ratio of 9:2. 


CyHyeN 
Calculated: C 44.25 H 4.95 N 11.45 
Found: C 43.75 H 5.25 N 11.30 


The hydrogenated nucleoside (H) sinters at 189° and melts 
at 193-196°. The extinction coefficient of pseudouridyliec acid, 
based on N or on P, or of pseudouridine, based on N, is 8600 
at 260 my, pH 2 to 7. This is in agreement with the value 
found by Davis and Allen (11). 

Degradation by HCI1Q, yields no ultraviolet absorbing ma- 
terial. Degradation by formic acid gives a variety of ultraviolet 
absorbing products, separable by ion exchange and paper chro- 
matography, and all showing similar spectral properties. Their 
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BE 


Fic. 6. Ultraviolet absorption print of descending paper chro- 
matogram of methylated and unmethylated pseudouridine (WUd), 
uridine (Ud), thymidine (Thd), and 5-hydroxymethyluracil (5) 
versus known bases (Ul = uracil, Thy = thymine), run approx. 
16 hours in isopropanol-glacial acetic acid-water (60:30:10) on 
Whatman 3MM paper. The artificial spot at the top left indicates 
the usual position of pseudouridine C, not included on this 
particular paper. 


chromatographic behavior is considerably changed and indicates 
the fermation of polymers or of acidic groups. 

b. Periodate Ozxidation—Pseudouridine C consumes _perio- 
date. The rate of the oxidation at 10-4 M, observed spectro- 
photometrically at 230 my (23), and the extent of oxidation 
at any concentration are the same as for uridine. Ion exchange 
chromatography of the product gives a variety of substances 
of which one (Peak I in Fig. 3, Curve IV) appears to be the 
expected dialdehyde and the others (Y and Z), polymers or 
oxidation products of this. Reduction of Peak I with NaBH, 
to form alcoholic groups in place of the aldehydes gave a small 
yield of a substance that behaved almost identically with 5- 
hydroxymethyluracil on ion exchange (Peak II in Fig. 3, Curve 
ITT) but that ran considerably slower in butanol-water paper 
chromatography (Column II, Fig. 8). This substance was 
again oxidized by periodate (1 mole was consumed on the basis 
of a pseudouridine extinction coefficient of 8600 at 260 my) 
and the product, after reduction by NaBH,, behaved like 5- 
hydroxymethyluracil in two chromatographic systems (Column 
III, Fig. 8) and had spectra identical with those of 5-hydroxy- 
methyluracil. 

The course of the reaction, ignoring the large yield of side 
products and following only those of interest, is formulated as 
shown in Fig. 9. The exact course of the reactions following 
the production of the dialdehyde and the reasons for the low 
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Fic. 7. Ultraviolet absorption spectra of various pseudouri- 
dines and of uracil compounds of related structure. The spectra 
were automatically recorded, each group on a single sample that 
was not removed from the instrument when the pH was altered 
from 7 to 12, and from 12 to 14. The curves at pH 14 are therefore 
at a 9% greater dilution than those at 7 or 12, owing to the addi- 
tion of 0.1 volume of 10 N NaOH to each sample. N NaOH was 
used in the reference cell for the pH 14 curves, water for the others. 
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Fic. 8. Ultraviolet absorption print of descending paper chro- 
matogram of pseudouridines, partially degraded pseudouridines 
(see Figs. 3 and 9), and known substances, run approx. 16 hours 
in butanol-water (86:14) on Whatman 3MM paper. Columns II 
and JIJ are substances obtained from the periodate oxidation se- 
quence (Fig. 9); JZ also appears in Fig. 3 (Peak II). 


TaBLeE II 


Spectrophotometric constants of pseudouridines and related compounds 


| Amax at A 2s0/ Aro at 
Uracil 28 | | 2 1.42 1.39 | 0.74 
5-CH,OH-uracil 261 25 | 286 1.80 1.72 0.89 
Thymine 265 26 291 —-10 281 | 0.53 1.31 1.50 0.68 
3-CH3-uracilt 259 | 24 283 0 283 0.14 3.50 3.50 1.47 
y uridine C — =e 2 | 286 —8 278 0.40 | 1.96 | 1.93 | 0.96 
v uridine As a —5 281 0.36 2.50 2.04 1.08 
uridine Ar 263 22 | (285 —7 278 0.50 1.37 1.64 | 0.74 
y uridine B 263 | 24 | 287 —9 278 0.48 1.46 1.73 0.75 
uridine-H2 2640 25 | (289 —7 282 0.57 1.53 1.86 0.74 
3-CH3-y uridineft 264 | 19 283 +2 285 0.52 ‘2.23 2.25 | 1.27 
Uridine 262 +1 263 0.35 0.29 0.41 | 0.76 
5-CH2OH-uridine | 263 | 0.53 0.50 | 0.73 
Thymidine 0 267 =| «| «(0.66 | 0.75 
1-CH;-uracilt 28 | -3 | 265 0 265 0.69 0.40 0.40 0.72 
1,3-diCH;-uracilt 266 0 | 266 0 266 0.62 | 0.62 0.62 | 1.00 
1-CHs- yuridinet +3 272 | 0.66 | 0.80 1.05 0.78 
1,3-diCH,-y uridine +2 272 | 0.94 | 0.94 1.0 0.99 


*y = pseudo. 
t Data from Fox and Shugar (21). 
t Structure tentative. 
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Fic. 9. Proposed scheme of degradation of pseudouridine C 
to 5-hydroxymethyluracil. Substances I and II are the same as 
those indicated in Figs. 3 and 8. 
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Fic. 10. Spectra of colors produced in the orcinol reaction, 
after 1 hour of heating, by pseudouridine and other compounds. 
The final concentrations were: ribose, 0.083 mm; pseudouridine, 
0.1 mM; uridine, 0.10 mM; ribosylthymine, 0.10 mM. 
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Fic. 11. Nuclear magnetic resonance spectra, at 40 me fre- 
quency, of pseudouridine C, 5-methyluridine (ribosylthymine), 
thymine, and 6-methyluracil, normalized to the HDO peak (arti- 
fact). Room temperature. (Spectra obtained in Cambridge, 
England, by Drs. N. Sheppard and D. M. Brown on material 

prepared by W. E. Cohn.) 
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yield of Substance II (Fig. 9) and of the final product are under 
investigation.* In this connection, it may be noted that smal] 
yields of substances that appear to be 5-hydroxymethyluragjl 
are found in acid hydrolysates of long duration. 

The B nucleoside also consumes 1 mole of periodate, but each 
A form consumes 2 moles, producing one mole of acid but no 
formaldehyde. This is consistent with a pyranose structure. 

c. Hydrogenation*—The hydrogenation of pseudouridylic acid 
(24) with the uptake of 1 mole of H2 per mole of nucleotide 
gave the variety of nucleotides shown in Fig. 2, Curve VI. 
Each of these was dephosphorylated to give a nucleoside (desig- 
nated as H) that was also formed by the direct hydrogenation 
of pseudouridine C. The spectrum of the H nucleoside, or of 
the three nucleotides of Fig. 2, Curve VI that contain it, re- 
sembles the spectrum of B (or Ay) but not that of pseudouri- 
dine C, or Ag (see Section III). The retention of the ultra- 
violet spectrum indicates that there is no hydrogenation in the 
pyrimidine ring. The shift in spectrum toward that of thymine 
suggests that the reaction is analogous to that of allyl and benzyl 
ethers, —C=C—C—OR + H; —C=C—C—H + ROH, 
and of 5-CH-OH uracil — 5-CHs3 uracil (25). This behavior is 
consistent with the formulation of pseudouridine as 5-ribosy]- 
uracil and of the reduced product, H, as 5-ribityluracil. It 
consumes 3 moles of periodate and liberates 2 moles of acid and 
1 mole of formaldehyde, as predicted from this structure. 

d, Orcinol Reaction—Inasmuch as pseudouridine appears to 
be a pyrimidine nucleoside with a ribosyl linkage more stable 
than the N,-C,’ linkage of uridine, a positive reaction in the 
conventional orcinol procedure (25a) is not to be expected. 
However, uridine (and even cytidine, to a lesser degree) gives 
a partial reaction on prolonged treatment with the orcinol re- 
agent, owing to progressive hydrolysis of the ribosyl linkage. 
A quantitative reaction can be obtained from uridine in the 
normal 20-minute reaction time:if the ribosy] linkage is weakened 
by destruction of the double bond by hydrogenation (24), 
ultraviolet irradiation, or bromination, especially if followed by 
alkali (26) to split the pyrimidine ring. These treatments have 
been ineffective on pseudouridine. 

Prolonged treatment of pseudouridine with orcinol gives only 
a trace of the blue-green color (Amax = 665 my) given by ri- 
bose; the principal color is a red-brown (Amax = 515 to 535 
my, depending on the length of heating) that appears in about 
20 minutes and deepens progressively up to about 2 hours (Fig. 
10). This color reaction is independent of the form of nucleo- 
side or nucleotide of pseudouridine, and from the behavior of 
the isomeric forms in acid (Section IIb) it is suggested that 
the reactive form is Ar. The extinction coefficient at 535 mp 
is high enough (7500) to make this a reaction suitably sensi- 
tive for analytical purposes. It should be noted that reduced 
pseudouridine does not give any color at all. 

An absorption maximum at 535 to 550 muy in the orcinol 
reaction is given by neuraminic acid and certain keto sugars 
(27), by unsubstituted ketopentoses (28), and by malonaldehyde 
and related substances when coupled with thiobarbituric acid 
(29, 30) or similar substances. The nature of the chromophores 
giving the red color is still not certain, but it is considered that 
cyclizations occur to give pyrrole or furfural structures (31). 
In the present case, we consider C,’ and its attached O atom 
to be of critical importance in the chromophore because of 


3 J. X. Khym and W. E. Cohn, work in progress. 
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the fact that when this is reduced by hydrogenation to —CH.— 
(Section IVc), no color is formed in the orcinol reaction. 


V. Nuclear Magnetic Resonance Spectra 


From the nuclear magnetic resonance spectra, much informa- 
tion on the nature of the various structures has been obtained. 
In Fig. 11, a comparison of 5-methyl- and 6-methyluracil lo- 
cates the positions (at 40 mc) of the Cz and C; protons of uracil 
at —115 and -—30 cycles per second, respectively, whereas 
pseudouridine shows only the Cs peak. Comparison of 5- 
methyluracil (thymine) and its 1-ribofuranosy] derivative 
(ribothymidine) indicates the position of the stable protons at- 
tached to C,’, Co’, C3’, Cy’, and Cs’ atoms. With the exception 
of Cy’, each peak is reflected in the pseudouridine trace. 

The seeming absence of a C,’ peak in pseudouridine C, the 
presumed ribofuranosy] form, gave rise to the surmise that it was 
hidden behind the HDO artifact. It is known that signals from 
protons attached as in C-CH normally lie in a higher (more 
positive) position than those attached N-CH (as in uridine). 
When the spectrum of pseudouridine was observed at progres- 
sively higher temperatures (Fig. 12), a process that moves the 
HDO peak positively relative to the other peaks, both members 
of the missing C,’H peak were observed. Also to be noted are 
the several C2’, C3’, and Cy’. proton peaks and the C;’H doublet, 
all of which are identical with those observed in the spectra of 
uridine and uridylic acid. 

A direct comparison of uridine and 1-methyluracil is shown in 
Fig. 13. The mirror-image doublets of the Cs and Cs; protons 
are clearly seen in the 1-CH;-uracil trace. Uridine adds to these 
a doublet for the C,H (lying within the C;H doublet) and sub- 
stitutes the ribosyl complex for the CH;. The similarity (or 
identity) between the ribosy] moieties of uridine and pseudouri- 
dine, with the exception of the C,’H, is clearly shown (here the 
HDO peak is shifted to the left by cooling in order to display the 
C,H peaks). 

The spectra obtained on specimens of the B, mixed A, and puri- 


PSEUDOURIDINE C 
4 
A Co H Cs H 
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Fig. 12. Nuclear magnetic resonance spectra (at 60 mc) of 
pseudouridine C at various temperatures, not measured exactly, 
showing (a) presence and position of C, proton peaks, (b) non- 
variance of all peaks (except the HDO artifact) with temperature. 
(The peak at —174 cycles per second, ascribed to the C, proton, 
also remained invariant at all temperatures, but is shown only in 
the one case.) (Spectra obtained by J. Shoolery and L. Johnson 
of Varian Associates, Palo Alto, Calif., on material supplied by 
W. E. Cohn.) 
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Fic. 13. Nuclear magnetic resonance spectra (at 60 mc) of 1- 
ribosyluracil (uridine), 1-methyluracil, and pseudouridines C (at 
0°), B, As + Ar, and Ag at room temperature. All spectra have 
been normalized by photography and centered on the (room tem- 
perature) HDO peak, taken as zero cycles per second. The chief 
points of interest are: (a) the position and similarities, or differ- 
ences, of the C, proton; (6) the presence or absence of a C; proton; 
(c) the position and character of the C, proton peak; (d) the simi- 
larities and dissimilarities in the C,, C; and Cy protons; (e) the 
similarity of the Cs, proton peaks. (These spectra determined 
by L. Johnson and J. Shoolery of Varian Associates, Palo Alto, 
Calif., on material supplied by W. E. Cohn). (1-Methyluracil 
kindly supplied by Dr. Jack Fox.) 


fied Ag nucleosides are shown in the top portion of Fig. 13 and 
indicate certain structural relationships and differences among 
these substances (a spectrum of Ar could not be obtained because 
of technical difficulties). All show similar Cs'H and C,H peaks. 
In B the latter is slightly split (as are those of thymidine and 
ribothymidine), suggesting an influence upon the C,H of B simi- 
lar to those that exist in the latter substances with methy] groups 
at Cs. The peaks for the C2’, C3’, and Cy protons (the latter 
well separated) of B and the small spin coupling and more posi- 
tive position noted in the C,’H of B suggest an equatorial con- 
formation for it or for the C.’ proton. 

Comparing the spectra of the mixed A nucleosides with that of 
relatively pure Ag, the broadening in the C,H peak of the former 
may indicate a tendency towards splitting, as in the case in 
nucleoside B. Since no such tendency is noted in the CsH peak 
of Ag, we may tentatively ascribe the slight splitting in the Ag 
spectrum to the C,H of an Ar impurity and conclude, in accord- 
ance with the ultraviolet absorption evidence, that Ar is related 
to B (and to H:-pseudouridine) and has a more thymine-like 
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structure with C,’ being in a more positive environment. The 
smaller spin coupling observed between C2’ and C3’ protons of 
Ag indicates an equatorial conformation for the C;'H. The 
change in relative height of the C,-H peaks (just to the right of 
the HDO peak) may indicate that this is totally absent in pure 


As (or that there exists an As without C,’ protons). 

Further correlations are not presently possible inasmuch as the 
positions occupied by the various protons may shift relative to 
each other as their immediate chemical environment is changed. 
Thus the two C:, protons in deoxythymidine or deoxyuridine 
appear at +143 cycles per second, whereas the single one of ribo- 
thymidine lies in the region of +20. In the Ag trace, it is con- 
sidered that the C.’H and C;’H complex groups are reversed in 
order; although this movement of C2’H of Ag in the positive 
direction may be ascribed to a similarity to thymidine in struc- 
ture, there is as yet insufficient evidence for this interpretation. 
However, it is clear that (a) all forms contain a CsH but no C;H, 
(6) the C,’H is in a more positive environment than in uridine, 
(c) the rest of the ribose moiety of pseudouridine C is essentially 
identical with that of uridine, and (d) the differences between the 
various forms of pseudouridine involve conformational or chemi- 
cal changes in the ribose component only. 


VI. Enzyme Reactions 


Pseudouridylic acid is released from RNA by ribonuclease, 
both as the free 3’ nucleotide (6b, according to Davis and Allen 
(11)) and in the polynucleotide fraction, indicating that it ap- 
pears adjacent to both purine and pyrimidine nucleotides in the 
chain and that it is a pyrimidine 3’ nucleotide as far as suscepti- 
bility to ribonuclease is concerned. 

All pseudouridylates are dephosphorylated by prostatic phos- 
phatase; the 2’, 3’, and 5’ acids yield pseudouridine C, the 2’ 
and 3’ acids yield nucleoside B, and others yield nucleoside Ag. 

Hydrolysis by total snake venom yields pseudouridine C from 
RNA. Snake venom diesterase liberates a nucleotide (from the 
RNA of Escherichia coli infected with bacteriophage T7) that, 
in terms of spectrum and chromatographic behavior, appears to 
be pseudouridine 5’-phosphate;‘ this is dephosphorylated by 
venom 5’ nucleotidase (whereas 2’, 3’, 2’, and 3’s, and three 
other nucleotide forms derived from 2’ and 3’ are not) to pseudo- 
uridine C. A barley nucleotidase that hydrolyzes only adeno- 
sine 3’-phosphate and not adenosine 2’-phosphate acts solely 
upon 3’-pseudouridylate (not upon 2’, 2’s, 3’s, or the other de- 
rived forms) to yield pseudouridine C. From these facts, we con- 
clude that the third pseudouridylic acid in Fig. 2 (Curve I) is the 
3’-phosphate, that the second is therefore the 2’, that a 5’- 
phosphate exists, that the mode of production of all three indi- 
cates the presence of the three hydroxyls of a normal nucleotide, 
and that RNA contains pseudouridylic acid in a 3’(or 2’)-5’ link- 
age, with 3’-5’ indicated by the ribonuclease evidence. 

Three nucleosidases (from yeast (32), E. coli (33), and Lacto- 
bacillus arabinosus (34)) that hydrolyzed uridine to uracil and 
ribose failed to give a significant amount of material reacting as 
ribose in the orcinol reaction when incubated under comparable 

conditions with pseudouridine. 


DISCUSSION 


The existence of a C-C link between a pyrimidine base and the 
ribosyl radical requires a reconsideration of methods of analysis 


‘This is found in amounts equal to the sum of the 2’ and 3’ 
pseudouridylates found in alkaline hydrolysates of the same RNA. 
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and detection that have been built around the properties of 
N-C nucleosides. Pseudouridine does not yield uracil or signifi- 
cant quantities of 5-hydroxymethyluracil upon strong hydrolytic 
treatment to yield bases from nucleic acids (e.g. HClO, or formic 
acid hydrolysis tends to destroy it or convert it into a variety of 
as yet unidentified products). It does not give a conventional] 
reaction with orcinol either before or after bromination, hydra- 
zinolysis, or other treatment that will weaken even the strongest 
N-C linked pyrimidine nucleosides. Upon hydrolysis to nucleo- 
side or nucleotide from the parent nucleic acid, it is not easily 
separable from uridine or uridylic acid, although its detection 
in a mixture is made more certain by virtue of the bathochromic 
shift in alkali, a property not shared by other nucleotides, 
(However, this property, usually associated with the bases, may 
itself be misleading because of the possibility of base contaming- 
tion in one or another chromatographic system.) 

The absence of substitution on either nitrogen is shown quite 
clearly by ultraviolet absorption spectra that are very similar to 
5-hydroxymethyluracil and reflect the two ionizations and pK’s 
characteristic of uracil and its derivatives, and by the ability to 
form two monomethylated and one double methylated deriva- 
tives with consistent spectral changes. The appearance of 5- 
hydroxymethyluracil in one or another degradation supports the 
assignment of uracil as the base component, as does the C,N, 
empirical formula and the absence of an amino group. 

The proof that ribose is the sugar and that it is in the furanosy] 
form is also indirect. The presence of 2’ and 3’ pseudouridylates 
on alkaline hydrolysis, the appearance of only the 3’ on ribo- 
nuclease hydrolysis (11), the appearance of a 5’ pseudouridylate 
from diesterase hydrolysates, and of pseudouridine in total snake 
venom hydrolysates indicate the presence of the usual 2’, 3’, 
and 5’ hydroxyl groups (although the 40:60 ratio of 2’ and 3’ 
found for other nucleotides in alkaline hydrolysates is reversed 
here, indicating some new influence upon the cyclic intermediate) 
and a 3’-5’ diester linkage. The nucleoside forms a complex 
with borate and reacts with periodate to exactly the same degree 
and at the same rate as uridine, consistent with the cis-glycol 
configuration of a furanose structure. 

However, it is the nuclear magnetic resonance behavior that 
most clearly indicates all the essential features of pseudouridine. 
In the pyrimidine portion, the presence of a proton at Cz. and 
the absence of one at C; is clearly revealed. An identity between 
the ribose moieties of pseudouridine, uridine, and ribothymidine 
is shown by the identity of the respective spectra in the C,’, 
C3’, C4’, and Cs’ proton region, in contrast to the large divergence 
noted in the deoxyribosy] derivatives and in acid-treated pseudo- 
uridines. The ability of nuclear magnetic resonance to distin- 
guish axial from equatorial conformations again supports the 
ribofuranosyl hypothesis for pseudouridine. Attachment of 
C,’ to carbon rather than nitrogen is shown by the large positive 
shift in the C,’H position relative to uridine. The absence of a 
methyl] group (or of any methylene group, except for C;’) is also 
clearly shown. 

The presence of a 


—C=C—c— 


grouping serves to explain the uptake of one mole of hydrogen 
without saturation of the double bond (which in most pyrimidines 
results in loss of the characteristic ultraviolet absorption (18)), 
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since allyl and benzy] ethers (and 5-CH.OH uracil (25)) tend to 
undergo hydrogenolysis (in our case, rupture of the furanose 
bridge) to form —C=C—CH— + HO—R rather than to satu- 
rate the double bond. 

The exact nature of the changes that occur in acid to form the 
B, As, and Ar forms of the nucleoside are not yet to be specified. 
From the spectral changes alone, one might suppose that the B, 
Ay, and hydrogenated forms all possess a —CH2—C or 
—CHOH—C structure at C,’ and C2’ rather than 


(that is, the furanose bridge is ruptured, perhaps followed by 
dehydration between C; and C2). On the basis of the ultra- 
violet and nuclear resonance spectra, it is tempting to postulate 
a —CO—CH,.— dehydrate form for As. However, B consumes 
but 1 mole of periodate versus 2 moles for Ag and Ary and no 
formaldehyde is liberated by any,’ which is difficult to reconcile 
with an acylic structure. The several forms may represent con- 
formational changes only, without permanent ring rupture. 
From spectra and interconvertibility considerations, it seems 
certain that these forms are all relatively simple rearrangements 
of the sugar moiety, observable in this case because of the sta- 
bility of the Cs-C, linkage and possibly because of the influence 
of the neighboring Cs-C. double bond and the 8 carbonyl group 
at Cy. Perhaps it is because of the directing influences of these 
groups that the pseudouridine C form reappears on acid treat- 
ment of the B, As, and Ar forms, for one might expect a trans 
configuration owing to repulsion between C2’ and C3’ hydroxy] 
groups. Yet it must be recalled that only the pseudouridine C 
form is obtained in a way that lends confidence to considering it 
as a single structure; B, As, and Ar could be mixtures having 
identical chromatographic properties. For this reason, conjec- 
tures as to their structures must be reserved. 

Regardless of the remaining uncertainties, however, we are 
here faced with the natural occurrence of a new type of nucleo- 
side structure, one that does not lend itself to the established 
routes of biosynthesis® or of detection and analysis. In one way 
it follows in the pattern noted for the methylated purine nucleo- 
sides, of being relatively enriched in the so-called ‘‘soluble’”’ or 
“supernatant”? RNA’s® (35, 36), and it is reported to appear in 
urine (37).7 These observations do not offer any clue as to bio- 
synthesis or function. With regard to the former, it may be 
noted that although C-C glycosyls are not unknown in Nature, 
they are not of common occurrence and have not heretofore 
been detected in nucleic acids. With regard to the latter, this 
substance may be unique for (alone among the commoner nucleic 
acid bases) only uracil can be so bonded and yet, while within 
a polynucleotide chain, can present a —CO—HN— group in the 
proper position for interchain hydrogen bonding. This unique 
feature, however, does not necessarily exclude from consideration 
the possibility that other nucleosides of this type exist in nucleic 
acids. 

5’ The incorporation of uracil into the pseudouridine fraction of 
a uracil-requiring mutant has been observed by J. D. Smith (per- 
sonal communication). 


6M. Uziel, personal communication. 
7W.S. Adams (personal communication) and W. E. Cohn, un- 


published results. 
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SUMMARY 


A nucleoside isomeric with uridine, and therefore termed pseu- 
douridine, that appears to be 5-ribosyluracil exists in ribonucleic 
acid and may be isolated as the 2’-, 3’-, and 5’-phosphate from 
chemical and enzymic hydrolysates. Spectrophotometric, chro- 
matographic, chemical, analytical, and enzymic studies indicate 
that it is a uracil derivative. Substitution on carbon 5 only and 
a carbon-carbon linkage at that point are shown by nuclear mag- 
netic resonance spectra, and these, together with susceptibility 
to borate and periodate, indicate a ribofuranosy] structure at 
that position. 

Hydrogenation of the substance takes place to cleave the furan- 
ose ring, analogous to the hydrogenation of allyl and benzyl 
ethers and of 5-hydroxymethyluracil. A reactivity of the normal 
nucleoside with orcinol to give a red color like that shown by 
ketopentoses and sialic acids is destroyed by reduction. Acid 
and alkali produce as many as three additional nucleoside forms 
from both nucleoside and nucleotide; these are interconvertible, 
showing no loss of carbon or nitrogen, and appear to arise from 
changes in the ribosyl moiety of pseudouridine. 

Pseudouridine does not conform to the usual acid or enzymic 
degradation patterns of pyrimidine nucleosides and thus will not 
appear with uracil in them. The ultraviolet absorption spectra 
of all forms are very similar to those of 5-hydroxymethyluracil 
and uracil. 
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Kendal and Ramanathan (1) reported that horse liver prep- 
arations catalyze the dismutation of formaldehyde to formic acid 
and methanol in the presence of diphosphopyridine nucleotide. 
The following reaction scheme was proposed: 


CH:0 + DPN — HCOOH + DPNH (1) 
CH.0 + DPNH — CH;0H + DPN (2) 
2 CH.0 — HCOOH + CH;0H (3) 


They also noted that when methanol was initially present the 
products included methyl formate, and suggested that this ester 
was formed by the oxidation of formaldehyde-methy]l-hemiacetal 
by way of the following reaction sequence: 


CH:OHOCH; + DPN — HCOOCH; + DPNH (4) 
CH:0 + DPNH — CH;0H + DPN (2) 
CH20HOCH; + CH20 HCOOCH; + CH;:0H (5) 


The results obtained led the authors to the suggestion that Re- 
actions 2 and 4 are catalyzed by liver alcohol dehydrogenase but 
that Reaction 1 is due to an aldehyde dehydrogenase present in 
their liver preparation. Because of the inhomogeneity of the 
enzyme preparation employed, a reinvestigation of this problem 
with more highly purified enzyme was suggested. With the use 
of crystalline horse liver alcohol dehydrogenase which was ap- 
proximately 200 times as active as the preparations previously 
used, we were able to carry out the reactions described by Ken- 
daland Ramanathan. We confirmed their conclusions concern- 
ing the nature of the reaction products and the stoichiometry of 
the reaction. The results obtained with the crystalline enzyme 
were also in accord with the suggestion of Kendal and Raman- 
athan (1) that alcohol dehydrogenase itself probably catalyzes 
Reaction 4 as well as Reaction 2. We could not, however, con- 
firm those observations which had led to the conclusion that differ- 
ent enzymes were required to catalyze Reactions 1 and 4. On the 
contrary, our findings are consistent with the view that alcohol 
dehydrogenase is the only enzyme necessary for catalysis of both 
dismutation reactions of formaldehyde, Reactions 3 and 5. 


MATERIALS AND METHODS 


Enzymes and Substrates—Alcohol dehydrogenase and lactic de- 
hydrogenase were purchased from Worthington Biochemical Cor- 
poration. All alcohol dehydrogenase preparations were dialyzed 
from 12 to 20 hours against 0.01 m potassium phosphate buffer, 
pH 7.0, at 0-5° in order to remove all ethanol. We also prepared 


* This work was supported by a grant from the National Insti- 
tutes of Health, United States Public Health Service. 


alcohol dehydrogenase from horse liver (2). DPN and DPNH 
were purchased from Nutritional Biochemicals. Formaldehyde 
solutions were prepared by distilling aqueous solutions of hexa- 
methyleneamine (Merck) which had been acidified with an 
equivalent amount of H:SO,. The resulting distillate was neu- 
tralized and redistilled. The formaldehyde content of the solu- 
tion was determined gravimetrically by dimedon precipitation 
(3). Pyruvaldehyde was kindly donated by Professor West- 
heimer and redistilled before use. All other reagents were pur- 
chased from Eastman Kodak and redistilled or recrystallized. 

Enzyme Assays—Alcohol dehydrogenase activity was deter- 
mined as described by Bonnichsen and Brink (4) by measuring 
the rate of reduction of DPN in the presence of enzyme and ex- 
cess ethanol. The amount of enzyme which gave an increase in 
DPNH concentration of 7.2 <X 10-* umole per ml in 3 minutes 
was designated as 1 unit. Protein concentration was determined 
by measuring optical density at 280 mu. One-centimeter cells 
were used in all determinations. Assays were carried out at 
room temperature. The rate of formaldehyde disappearance in 
the presence of enzyme and added DPN was used as a measure 
of Reactions 3 and 5. Assays for Reactions 3 and 5 were carried 
out at 37°. | 

Analytical Procedures—Formaldehyde was quantitatively de- 
termined by the chromotropic acid method (5) which is highly 
specific for formaldehyde. In our hands, the ester determination 
(1) previously employed did not give quantitative results and 
we therefore used the following procedure for ester determina- 
tion: 1 ml of unbuffered reaction mixture was added to 1 ml of 
0.030 n NaOH at 0°. The mixture was maintained at this tem- 
perature for 5 minutes. The excess NaOH was then titrated. 
This procedure gave excellent recoveries when known amounts 
of ester were added to our reaction mixture. Lactic acid was 
determined enzymically (6). 

Kinetic Measurements—All rate measurements, except assay 
for alcohol dehydrogenase activity, were carried out at 37°. De- 
terminations in which only the formaldehyde disappearance was 
measured were carried out in buffered solutions. The detailed 
composition of the reaction mixture is given with each experi- 
ment. Experiments in which formic acid formation was meas- 
ured were carried out in unbuffered solutions. The pH was 
maintained at the desired value by addition of base from a micro- 
burette. While the solution was agitated with a magnetic stirrer 
the amount of base added was recorded at 1-minute intervals. 
A plot of acid formation against time was linear for the first 3 
minutes. The average amount of base added per minute during 
this period was taken as the initial velocity. The reaction was 
stopped by the addition of 2 drops of HSO,. Aliquots were used 
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TABLE I 
Stoichiometry of formaldehyde dismutation 
The reaction mixture contained: alcohol dehydrogenase 300 


units; DPN 5 mg; CH:20 394 umoles; CH;0H 500 umoles. Total 
volume: 10 ml; pH maintained at 7.4; reaction time: 15 minutes. 


Additions Decrease of CH:0 Acid formed Ester formed 
pmoles pmoles pmoles 
CH,0 44 21.8 0 
CH.0 + CH;OH 124 13.9 51.3 
TABLE II 


Effect of methanol and ethanol on formaldehyde dismutation 
The reaction mixture contained: alcohol dehydrogenase 400 
units; DPN 5mg; CH:2O 398 umoles, total volume: 10 ml; pH main- 
tained at 7.4; reaction time: 15 minutes. 


Additions Decrease of CH:0 Acid formed Ester formed* 
pmoles pmoles pmoles pmoles 
CH,OH 0 66 33.2 0 
200 94 28.6 18.4 
500 116 20.4 37.6 
1,000 201 18.8 81.7 
10,000 145 2.9 69.6 
C2H;OH 1 52 25.0 0 
4 66 23.2 9.8 
10 62 10.2 20.8 


* Calculated from CH-O decrease and amount of acid formed. 


TaBLeE III 
Aldehyde mutase activity during alcohol dehydrogenase purification 
Composition of reaction mixture for assay of Reaction 3: po- 
tassium phosphate buffer, pH 8.0, 80 umoles; DPN 2 mg; CH:0 
16 umoles; enzyme 0.2 ml. Total volume: 2 ml; reaction time: 10 
minutes; temperature: 37°. For assay of Reaction 5, 200 umoles 
of CH;OH were added to the above reaction mixture. 


Activity ratiost 
Purity of alcohol 
dehydrogenase Reaction 3 Reaction 5 
ADH activity ADH activity 
protein® 
3.7 11 14 
57 8.7 17 
690 ll 19 


* For definition of units used see ‘‘Experimental.’’ 

t Activity ratios were obtained by dividing the activities repre- 
sented by Reactions 3 and 5, by alcohol dehydrogenase (ADH) 
activity. 


for formaldehyde analysis. When the ester concentration was 
also determined the reaction was carried out in a completely en- 
closed system so that loss of the volatile ester could be elimi- 
nated. At the end of the reaction the mixture was rapidly cooled 
to 0° and aliquots were then used for ester and formaldehyde 
analysis. Although maximal velocities were obtained at higher 
pH values, most experiments were carried out at pH 7.4 in order 
‘to prevent ester hydrolysis. 


EXPERIMENTAL RESULTS 


The products resulting from the action of horse liver alcohol 
dehydrogenase and DPN upon formaldehyde were qualitatively 


identified by distilling an acidified reaction mixture consisting 
of 10 ml of 0.05 m potassium phosphate buffer pH 8.0, 400 umoles 
of formaldehyde, 5 mg of DPN, and 400 units of enzyme, in the 
presence of phenylhydrazine. The distillate was divided into 
two parts. In one portion the presence of methanol was demon- 
strated (7) and in the other, formate (8). When formalde- 
hyde and methanol were initially present, the formation of ester 
was demonstrated with the hydroxamic acid method (1). 

Quantitative analysis of the reaction products led to the results 
shown in Table I. Two moles of formaldehyde yield 1 mole of 
formate, and in the presence of methanol a total of 1 mole of 
methyl] formate and formate. This is in perfect agreement with 
the stoichiometric requirements of the reaction scheme pro- 
posed (1). 

The results obtained when varying concentrations of methanol 
and ethanol were added to the reaction mixture are shown in 


Table II. Increasing the concentrations of methanol causes an 


increased disappearance of formaldehyde but a decreased rate 


of formate production. Methanol concentrations greater than 


0.1 m are inhibitory. This observed decrease in formate forma- 
tion differs from previous findings (1) which indicate that over 
a methanol concentration ranging from 0 to 0.25 mo the acid 
formation remained essentially unchanged. 

In order to determine whether the various activities (the al- 
cohol dehydrogenase activity and the enzymes responsible for 
Reactions 1 and 4) could be separated, the ratios of these activ- 
ities were measured during various stages in the isolation of 
alcohol dehydrogenase from horse liver. The first determination 
was made following the heat inactivation step. The results ob- 
tained are shown in Table III. The data in the last line repre- 
sent a crystalline enzyme preparation. During the course of a 
200-fold purification, no separation of activities was achieved. 
The activity ratio found in the crystalline enzyme prepared by us 
was identical to that found in the commercial preparation which 
we used. Numerous attempts to achieve a higher degree of pu- 
rification by recrystallization were unsuccessful. During these 
purification attempts we assayed approximately 20 different 
enzyme preparations in various states of purity. In no case 
could we observe any significant fractionation of the activities 
assayed. Heat denaturation also did not lead to a separation. 
Alcohol dehydrogenase preparations were maintained at 37° for 
90 hours. At this point 40% of the original alcohol dehydro- 
genase activity had been lost. An equivalent decrease in the 
other activities was also found. 

The effect of iodoacetate upon the formation of formate, Re- 
action 3, and methyl formate, Reaction 5, was examined. The 
results obtained are shown in Table IV. When iodoacetate 
and the appropriate substrate were simultaneously added to 
the enzyme and DPN, Reaction 3 as well as reaction 5 was 


TaBLeE IV 
Effect of iodoacetate on formaldehyde dismutation 


Reaction conditions as in Table I. Iodoacetate, 100 umoles, 
added without preincubation to enzyme and DPN. 


Additions Acid formed Ester formed 
pmoles pmoles 
CH.O + iodoacetate............. 6.5 0 
CH.O + CH;0H................. 13.9 
CH.O + CH;0H + iodoacetate... 6.1 33.6 
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inhibited. Fig. 1 shows that this inhibition, unlike the usual 
jodoacetate inhibition, appears to behave like a competitive 
inhibition under the experimental conditions used. If the en- 
zyme is preincubated with iodoacetate in the absence of DPN, 
both Reactions 3 and 5 are inhibited. The degree of inhibition 
obtained depends upon the length of preincubation. Fifteen 
minutes of preincubation at 37° results in loss of more than 
90% of the activity. The inhibition obtained under these 
conditions appears to be irreversible. 

Incubation of liver alcohol dehydrogenase with iodoacetate in 
the absence of DPN results in nearly complete loss of alcohol de- 
hydrogenase activity. The inhibitory effect of iodoacetate upon 
the dismutation reaction could therefore be due to failure of the 
alcohol dehydrogenase to reoxidize the DPNH formed in Re- 
action 1, or 4. We examined the inhibited reaction mixture 
spectrophotometrically, but found no evidence of DPNH accu- 
mulation. 

From the data of Fig. 1, = 7.5 10-4 Mm and 
K, = 1.38 X 10-! m can be calculated. Similar treatment of 
the data for pH 8 gives Vmax = 1.2 X 10-3 min“ and K,, = 
13 107! | 

Although the data presented do not suggest the involvement 
of an enzyme other than alcohol dehydrogenase in the dismu- 
tation reactions of formaldehyde, this possibility must still be 
considered. If the oxidation of formaldehyde, Reaction 1, and 
the formation of methanol, Reaction 2, are the result of a coupled 
reaction between aldehyde dehydrogenase and alcohol dehydro- 
genase, then DPNH formed in Reaction 1 must diffuse to the 
alcohol dehydrogenase of Reaction 2. There is then present 
in solution a small amount of free DPNH which should be 
available to enzymes other than alcohol dehydrogenase. To 
test this possibility we added high concentrations of lactic de- 
hydrogenase and sodium pyruvate to a reaction mixture in which 
the dismutation of formaldehyde, Reactions 1 and 2, was going 
on. The results of Line 2, Table V show that only 1 umole 
of lactic acid was formed, although from the amount of form- 
aldehyde which underwent dismutation, it can be calculated 
that 34 wmoles of DPNH were produced during the course of 
the reaction. The experiment thus shows that the DPNH formed 
during the course of the dismutation cannot be utilized by the 
lactic dehydrogenase present in the reaction mixture. It might 
be argued that this is due to the fact that the affinity of alcohol 
dehydrogenase for DPNH is greater than that of lactic dehy- 
drogenase. To test this possibility we added DPNH slowly to 
a reaction mixture in which formaldehyde dismutation proceeded 
and which also contained lactic dehydrogenase and pyruvate. 
line 3 of Table V shows that 80% of the added DPNH was 
utilized for lactic acid formation. Thus, under our experimen- 
tal conditions, lactic dehydrogenase can successfully compete 
with alcohol dehydrogenase for free DPNH. These experi- 
ments therefore indicate that the DPNH formed during the 
dismutation of formaldehyde is never free. This suggests that 
a system consisting of two enzymes and coupled through DPN 
is not involved. The alternate explanation that alcohol dehy- 
drogenase catalyzes both Reactions 1 and 2 and that the dis- 
mutation of formaldehyde is catalyzed by alcohol dehydrogen- 
ase alone is consistent with the experimental results. 

Several other aldehydes were incubated with alcohol dehy- 
drogenase and DPN in order to determine whether the dismu- 
tation of aldehydes other than formaldehyde occurs. The fol- 


1R. H. Abeles and H. A. Lee, unpublished results. 


24 


20 


12 


u moles~' HCOOH min. mi. 


V 
@ 


Oo 1 2 3 4 5 
1/ICH,0] mi moles™ x 10? 

Fig. 1. Kinetics of formaldehyde dismutation. The reaction 
mixture contained: Alcohol dehydrogenase 160 units; DPN 2.5 
mg. X——xX,CH.0; O——O, CH:0 + 50 umoles of iodoacetate. 
Total volume: 5 ml, pH 7.4. 


TABLE V 
Competition for DPNH produced during CH20 dismutation 
The reaction mixture contained: alcohol dehydrogenase (ADH) 
390 units, lactic dehydrogenase (LDH) 0.05 unit (9), DPN 25 mg, 
DPNH 10 uwmoles where added, CH:O 180 umoles, potassium phos- 
phate buffer, pH 7.4, 500 umoles, Na-pyruvate 200 uwmoles. Final 
volume: 5 ml; reaction time: 15 minutes. 


Additions Decrease of CH:0 |Lactic acid formed 
pmoles pmoles 
ADH, DPN, CH.20O.............. ; 70 0 
ADH, LDH, DPN, CH:0, Na- 
ADH, LDH, DPNH,* DPN, 
CH:0, Na-pyruvate............ 45 8.1 
LDH, DPNH, Na-pyruvate...... 0 10.7 


* DPNH in 1 ml of buffer added continuously to reaction mix- 
ture during course of reaction. 


lowing aldehydes listed in order of decreasing reactivity gave 
rise to acids: pyruvaldehyde, acetaldehyde, and acrolein. DIL- 
Glyceraldehyde did not react. Acid production from pyruval- 
dehyde was slightly faster than from formaldehyde. In addi- 
tion to acid, this aldehyde gave rise to a compound which yielded 
formaldehyde upon periodate oxidation. Hydroxyacetone, one 
of the expected products of pyruvaldehyde dismutation, will re- 
act in this manner. No further attempts were made to iden- 
tify the products of these reactions. To establish whether al- 
cohols other than methanol and ethanol could give rise to ester 
formation, hydroxyacetic acid and mercaptoacetic acid were in- 
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cubated with formaldehyde, alcohol dehydrogenase, and DPN. 
These substances proved inhibitory and no ester could be de- 
tected. 


DISCUSSION 


We have demonstrated that the dismutation of formaldehyde, 
Reactions 3 and 5, which was originally reported to occur in 
crude horse liver alcohol dehydrogenase preparations is cata- 
lyzed by highly purified horse liver enzyme. The rate of form- 
aldehyde dismutation compares favorably to the rate of oxi- 
dation of ethanol. The Vs for formate formation at pH 8 
(37°) is 3 X 107? wmoles min-! of enzyme, whereas the 
oxidation of ethanol at pH 9.6 (25°) proceeds at a rate of 2.5 
10-? wmoles min-! (4) of enzyme. We have presented 
evidence which suggests that alcohol dehydrogenase may be the 
only enzyme involved in this dismutation, and possibly also 
in the dismutation of other aldehydes. 

Evidence was presented earlier (1) which indicated that more 
than one enzyme may be involved in the dismutation of form- 
aldehyde. This was based upon the effects obtained with meth- 
anol and iodoacetate. It was observed that increasing the con- 
centration of methanol increased the rate of methyl formate 
production, Reaction 5, but did not affect the rate of formate 
production, Reaction 3. This led to the conclusion that the 
two reactions proceeded independently of each other and in- 
volved two different enzymes. We found that the rate of for- 
mate production is strongly affected by the methanol concen- 
tration (Table II). This type of effect would be expected if 
both Reactions 1 and 4 were catalyzed by the same enzyme. 
Increasing concentrations of formaldehyde hemiacetal would 
compete with formaldehyde and thus reduce formate formation. 
Our results are consistent with the assumption that the same 
enzyme is involved in the oxidation of formaldehyde, Reaction 
1, and formaldehyde hemiacetal, Reaction 3. 

It was also reported (1) that iodoacetate inhibits the oxida- 
tion of formaldehyde but not that of ethanol and formaldehyde- 
methyl-hemiacetal. From this difference in iodoacetate sensi- 
tivity and the reported iodoacetate insensitivity (10) of alcohol 
dehydrogenase, it was concluded that at least one enzyme other 
than alcohol dehydrogenase is involved in these reactions. The 
precise experimental conditions were not given and we are there- 
fore not certain that we have repeated the experiments exactly 
as previously carried out. Nevertheless, our iodoacetate ex- 
periments did not differentiate between the various activities 
involved. It will be noted from the results of Table IV that 
iodoacetate when added to the enzyme and DPN, inhibits for- 
mate as well as methyl formate formation. If the enzyme is 
preincubated with iodoacetate in the absence of DPN the for- 
mation of formate, Reaction 3, and methyl formate, Reaction 
5, can be almost completely inhibited. Under these conditions 
an irreversible inhibition is obtained. 

The effect of iodoacetate upon the dismutation of formalde- 
hyde exactly parallels its effect upon alcohol dehydrogenase ac- 
tivity. Thus, when iodoacetate is added without preincubation 
to the enzyme and DPN, a competitive inhibition (Fig. 1) ap- 
pears to take place. This is reminiscent of the reported inhi- 
bition of alcohol dehydrogenase by various acid anions (11). 
When the enzyme is preincubated with iodoacetate in the ab- 
sence of DPN, the dismutation reaction as well as the oxidation 
of ethanol is nearly completely inhibited. 
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Attempts to separate the formaldehyde dehydrogenase actiy- 
ity from alcohol dehydrogenase failed. As shown in Table III, 
the ratios of the activities assayed remained constant over a 
two hundredfold purification. During repeated recrystalliza- 
tion of the enzyme, no fractionation was achieved. Heat de- 
naturation also gave no separation, but demonstrated unusual 
stability of the enzyme involved. 

An attempt was made to demonstrate the occurrence of a 
coupled reaction in the dismutation of formaldehyde by adding 
lactic dehydrogenase and pyruvate as a trapping agent for the 
DPNH which couples Reaction 1 and Reaction 2. Only a small 
fraction of the DPNH formed during the dismutation could be 
trapped. It appears probable, therefore, that the dismutation of 
formaldehyde does not require the transfer of DPNH between two 
enzymes. If the reaction were carried out by one enzyme such 
a transfer would become unnecessary since the DPNH formed 
could be immediately reoxidized through Reaction 2 without 
leaving the enzyme. The fact that lactic dehydrogenase does 
not trap DPNH would thus be explained. We do not claim 
that an experiment of this type proves the involvement of only 
one enzyme in the dismutation of formaldehyde. The inability 
of lactic dehydrogenase to trap DPNH during the dismutation 
of formaldehyde could be due to other features of the system. 
This observation is, however, consistent with the assumption 
that alcohol dehydrogenase can catalyze the dismutation of 
formaldehyde. This conclusion is greatly strengthened by the 
fact that all other attempts to demonstrate the existence of 
a second enzyme failed. 

It might at first seem improbable that one enzyme should 
oxidize two different functional groups such as alcohols and al- 
dehydes. However, an aqueous solution of formaldehyde exists 
largely as the hydrated form (12) (Structure I). This, as well 
as formaldehyde-methyl-hemiacetal (Structure: II), structurally 
resembles alcohols. 


H H 


H CH; 
I II 


The order of reactivity of the various aldehydes agrees with 
the suggestion (1) that the hydrated structure undergoes oxi- 
dation. Formaldehyde which is completely hydrated as well 
as pyruvaldehyde, which is probably extensively hydrated, are 
oxidized more rapidly than acetaldehyde which is approximately 
50% hydrated (12). No information is available concerning 
acrolein, but in view of its ultraviolet spectrum and loss of 
resonance energy which would result from hydration, it appears 
very probable that this compound is hydrated to a very slight 
extent. Its rate of oxidation is less than that of acetaldehyde. 
The reason for the unreactivity of glyceraldehyde is not clear. 

It is of interest to compare some of the characteristics of 
well established aldehyde dehydrogenase with the enzyme prep- 
aration employed here. Formaldehyde dehydrogenase (13) 
shows a definite requirement for glutathione and a high speci- 
ficity for formaldehyde. No cofactor requirement other than 
DPN could be demonstrated for the dismutation reactions of 
formaldehyde. Its activity is maintained after prolonged di- 
alysis with no precautions to protect SH groups. During the 
purification the preparation is exposed to 52° for 15 minutes. 
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Most of the subsequent steps are then carried out at room 
temperature. In this respect, the enzyme is strikingly differ- 
ent from the formaldehyde dehydrogenase (13) as well as al- 
dehyde dehydrogenase (14). The latter enzyme also gives no 
evidence of ester formation in the presence of methanol. It 
was the unusual stability of our preparations which first sug- 
gested the possibility that alcohol dehydrogenase may also pos- 
sess aldehyde dehydrogenase activity. Our subsequent find- 
ings which are presented here are consistent with this view. 


SUMMARY 


Highly purified horse liver alcohol dehydrogenase prepara- 
tions catalyze the formation of formate from formaldehyde, and 
the formation of methy] formate from formaldehyde and meth- 
anol. This reaction is identical with that previously observed 
with relatively impure horse liver preparations. 

Kinetic results, inhibition with iodoacetate, and classical frac- 
tionation procedures suggest that alcohol dehydrogenase is re- 
sponsible for the dismutation of formaldehyde. 

It was also shown that other aldehydes were oxidized by 
the alcohol dehydrogenase used in these studies. 


R. H. Abeles and H. 
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Previous studies from this laboratory have shown that rat 
uterine homogenates contain a reduced pyridine nucleotide 
oxidase which is activated by 2,4-dichlorophenol and other 
phenolic substances (1, 2). Oophorectomy reduces the activity 
of this enzyme system to negligible levels but prompt restoration 
of the oxidative rate was observed upon the administration of 
small amounts of estradiol to the oophorectomized animals (3). 
Dichlorophenol had the greatest catalytic effect of any of the 
phenolic cofactors studied in this system. Under the optimum 
conditions for this catalysis it was not possible to replace the 
dichlorophenol with estradiol. When uterine homogenates were 
prepared from animals which had received large doses of estro- 
gen, conditions were found for co-factor activity in vitro of 
estradiol-178 for the aerobic oxidation of reduced pyridine 
nucleotides. The present report is concerned with this stimula- 
tion in vitro by estradiol or other phenols of an oxidative system 
apparently induced by the administration of estrogen. 


EXPERIMENTAL 


Estrogens were obtained from the Cancer Chemotherapy 
National Service Center, Bethesda, Maryland. DPNH and 
TPNH were obtained from Sigma Corporation, St. Louis, Mis- 
sourl. Estrone-16-C'* was obtained from C. Frosst and Com- 
pany, Montreal, Canada, and estradiol-4-C™’ from Nuclear 
Corporation, Chicago, Illinois. 

Female Sprague-Dawley rats were obtained from the Charles 
River Breeding Laboratories in Brookline, Massachusetts. 
They were maintained on Purina Dog Checkers and water ad 
libitum. For the routine preparation of enzyme, rats weighing 
100 to 150 g were used. The drinking water was replaced by a 
saturated solution of diethylstilbestrol 48 hours before sacrifice. 
Upon sacrifice, the uterus was trimmed of connective tissue and 
fat. A 5% homogenate was prepared in 0.25 m sucrose with 
the aid of a conical all glass homogenizer obtained from the 
Kontes Glass Company, Vineland, New Jersey. The homoge- 
nate was centrifuged for 10 minutes at 500 x g in a Lourdes 
refrigerated centrifuge. The supernatant liquid retained its 
activity for several hours at 0°. 

DPNH oxidase activity was measured by the decrease in 
optical density at 340 my in a Beckman spectrophotometer. 
The incubation mixture unless otherwise stated consisted of 


* This investigation was supported by Research Grant No. 
CY3225-C1, C2 from The National Institutes of Health, United 
States Public Health Service, Bethesda, Maryland. 

t Abstract presented before the 136th National American Chem- 
ical Society Meeting, Atlantic City, September 1959. 


0.013 m phosphate buffer (pH 7.7), 5 10-°m MnCl, 1 x 10-4 
M DPNH, and an appropriate amount of homogenate. The 
initial reaction rate was determined in the presence and absence 
of 1 < 10-5 o estradiol-178. Steroids were added to the incu- 
bation mixture in 0.02 ml of propylene glycol per ml of incuba- 
tion mixture. Most reactions were carried out in 3-ml cuvettes, 
When 0.1 ml of homogenate diluted to 1% and containing 50 
ug protein is added to 0.9 ml of incubation mixture containing 
estradiol, the optical density decrease is approximately 0.02 
units per minute. With this dilution of homogenate, no oxida- 
tion of DPNH occurs in the absence of estradiol. 


RESULTS 


Optimal Conditions for Estradiol Catalysis—When uterine 
homogenates from estrogen treated animals were used it be- 
came evident that estradiol-178 could replace dichlorophenol in 
the phenol activated oxidase system if the reaction was run at a 
higher pH. Further study demonstrated that the optimal pH 
of activation depended on the nature of the phenolic cofactor. 
Fig. 1 shows that the oxidation of DPNH catalyzed by estradiol 
has a maximal rate at pH 7.7. 

In this study, phosphate buffer was used for the range pH 
6.0 to 8.0, Tris from pH 8.0 to 9.0, and phthalate from pH 50 
to 6.0, but all buffer media were cross checked at common pH 
values to exclude specific effects of the buffer. 

By enzymatic techniques similar to those used in the study of 
activation by dichlorophenol (2) it was shown that the oxida- 
tion product of DPNH was DPN. 

Oxidase activity was enhanced 7-fold by the addition of 
1.0 10-°m MnCl. Fig. 2 shows a wide optimum for Mn++ 
concentration from 10-4 to 10-5 m. At comparable concentra- 
tions, Fe++ and Zn++ produced no increase in the rate of oxida- 
tion, Cu++ was inhibitory, whereas Cot+ and Mgt+ provided 
some activation but much less than that obtained by the addi- 
tion of Mnt*. 

Fig. 3 shows a linear increase in reaction rate with increase in 
estradiol concentration. It was not possible to explore higher 
hormone concentrations because of the insolubility of the ster- 
oid. Two recrystallizations of the estradiol did not affect the 
catalytic property of the estrogen. Testosterone, 19 nortestos- 
terone, or progesterone gave no reaction at a concentration of 
10 wg per ml. 

A number of experiments showed that the oxidation of DPNH 
catalyzed by estradiol did not go to completion. Fig. 4 shows 
the final extent of reaction increases with the amount of estra- 
diol added and that the consumption of DPNH exceeds the 
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equivalent amount of added steroid. In this experiment, a 
small amount of DPNH was oxidized in the absence of estradiol. 
Cessation of reaction was not due to the exhaustion of DPNH 
since addition of DPNH to a reaction mixture which had reacted 
maximally failed to cause further oxidation. Bubbling oxygen 
through such reaction mixtures also failed to result in further 
reaction. Fig. 5 shows that addition of estradiol, dichloro- 
phenol, or more homogenate produced further reaction in estra- 
diol activated oxidase mixtures which had reacted maximally. 

Fig. 6 indicates that the amount of DPNH oxidized in 30 
minutes in the estradiol-catalyzed system was proportional to 
the volume of homogenate added. 

Phenolic Cofactor Activity of Other Estrogens—Table I shows 
the catalytic effect of several other phenolic estrogens. The 
incubation mixture consisted of 0.013 m phosphate buffer (pH 
7.7),5 X 10-§'m MnCh, 1 K 10-4m DPNH, and 0.10 ml of 1% 
uterine homogenate in a total volume of 3.0 ml. To this mix- 
ture was added 0.03 umole of the steroid in 0.02 ml of propylene 
glycol. Propylene glycol was added to control vessels. The 
mixtures were incubated for 15 minutes at 30° in a Dubnoff 
shaker and the extent of reaction determined spectrophoto- 
metrically. It is evident that the catalytic effect is a general 
one for phenolic hormones and that the activity in vitro bears 
no relationship to estrogenic activity in vivo. 

Activity of Diethylstilbestrol—In contrast to the results shown 
in Table I, diethylstilbestrol proved to have little cofactor 
activity. The results with this substance were not reproducible 
and several experiments failed to show any significant cofactor 
activity. The explanation for this discrepancy apparently lies 
in the fact that stilbestrol can also act as an inhibitor of the 
oxidase. Fig. 7 shows that stilbestrol effectively inhibits the 
estradiol-catalyzed oxidase. Fig. 8 indicates that this inhibition 
is in large part due to a significant induction period. The 
closely related hexestrol had no such inhibitory effect but was 
as effective a cofactor as estradiol. 

Optimal pH for Different Phenols—Fig. 9 shows that phenol, 
2,4-dichlorophenol, hexestrol, and estradiol-178 have different 
pH optima for activation of oxidase activity. The factors re- 
sponsible for these differences will be the subject of a separate 
report. 
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pH 
Fic. 1. Effect of pH on estradiol activation of DPNH oxidase. 
The incubation mixture consisted of 0.013 m buffer, 5 X 10-' m 
MnCl:, 1 m estradiol-178, 1 X 10-‘m DPNH, and 0.10 ml 
of 1% uterine homogenate in a total volume of 3.0 ml. Controls 
done in the absence of estradiol showed no reaction. 
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Fia. 2. Effect of Mn** concentration on DPNH oxidation. The 
incubation mixture consisted of 0.013 m phosphate buffer (pH 7.7), 
1 X 10-5 o estradiol-178, 1 X 10-4 m DPNH, and 0.10 ml of a 5% 
uterine homogenate in a total volume of 3.0 ml. Mn** was added 
as indicated in the figure. Most homogenates showed no reaction 
in the absence of added MnCl:. 
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Fic. 3. Effect of estradiol concentration on DPNH oxidation. 
The incubation mixture consisted of 0.013 m phosphate buffer (pH 
7.7),5 X 10-§ m MnCle, 1 X 10-*m, DPNH, 0.1 ml of 1% uterine 
homogenate, and 0.02 ml of propylene glycol containing variable 
amounts of estradiol-178 as indicated. The ordinate represents 
the rate of oxidation of DPNH in umoles per minute. 
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Fig. 4. Effect of estradiol concentration on the extent of DPNH 
oxidation. The incubation was started by the addition of 0.10 
ml of 1% uterine homogenate to a reaction mixture consisting of 
0.013 m phosphate buffer, 5 X 10-5 m MnCl, 1 X 10-*m DPNH, and 
estradiol-178 as indicated ; noestradiol, ------ 0.017 pmole, —— 
0.034 umole. The total volume was 3.0ml. The ordinate demon- 
strates the wzmoles of DPNH oxidized. 
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Fic. 5. Reactivation with homogenate, estradiol, and dichloro- 
phenol. The incubation mixtures were identical with those shown 
in Fig. 3. Cuvettes A and B contained 5 X 10-* o estradiol, 
Cuvette C contained 1 X 10-5 m estradiol. Further additions 
were made at the indicated points when the reaction rate had be- 
come negligible. At Point A, 0.10 ml of 1% uterine homogenate 
was added. At Point B, 5 yg of estradiol-17 in 0.01 ml of propyl- 
ene glycol were added. At Point C, 0.02 ml of 1.7 K 10°? m di- 
chlorophenol was added. No reaction occurred in a control to 
which 0.02 ml of propylene glycol and no estradiol was added. 
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Fic. 6. Effect of enzyme concentration on DPNH oxidation 
The incubation mixture consisted of 0.013 mM phosphate buffer 
(pH 7.65), 5 X mM MnCl2, 1 X 10-4 m DPNH, and enzyme as 
indicated in a total volume of 1.0 ml. The figure indicates the 
increased oxidation of DPNH due to the presence of 0.03 umole 
of estradiol when incubation was carried out for 30 minutes at 30° 
in the presence and absence of hormone. Negligible oxidation 
occurred in the absence of estradiol. 


Effect of Uterine Homogenate on Estrogen—To investigate 
reaction products of estrogens catalyzing the uterine oxidase 
activity, use was made of C-labeled estrogens. An incubation 
mixture, consisting of 0.013 m phosphate buffer (pH 7.7), 
5 & 10-°'m MnCl, 1 10-4 m DPNH, 0.2 ml of 1% uterine 
homogenate in a total volume of 2.0 ml; and 0.030 umole of. the 
steroid, was followed spectrophotometrically. In the case of 
estrone-16-C™ which contained 15,000 counts per minute, the 
mixture was incubated for 1 hour after which 2.0 ml of incuba- 
tion mixture was added without additional steroid, and followed 
for two more hours. At this time 0.10 wmole of DPNH had 
been consumed, against a control without steroid which utilized 
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0.0016 umole of DPNH. The estradiol-4-C'* contained 9500 
counts per minute and differed from the estrone-C™ incubation 
in volume which was 3.0 ml, and incubation time which was 


34 hours without additional homogenate, and consumed 0.07 © 


umole of DPNH. An additional C'*-estradiol reaction mixture 
except for the omission of DPNH was incubated for the same 
period of time. 

At the end of incubation, 100 ug each of unlabeled estrone and 
estradiol-178 were added to each mixture to serve as carrier, 
and extraction was done with three 30-ml portions of ether. 


The extract of the C'*-estrone experiment was chromatographed — 


in o-dichlorobenzene-formamide, and the extracts of the two 
C'4-estradiol experiments were chromatographed in the o-di- 
chlorobenzene-formamide following which the appropriate strips 
were rechromatographed in Skellysolve C-methanol-water. De- 
termination of radioactivity in the chromatograms showed that 
the greater part of it remains with the labeled estrogen originally 
put in, that there is no interconversion of estrone and estradiol, 
and that there is approximately a 3% conversion to a more 
polar steroid which has not yet been identified. 

Action of Inhibitors on Estradiol Catalysis—Table II shows the 
effect of a variety of inhibitors on the estradiol activated DPNH 
oxidase. Cyanide, Cu++, reduced glutathione, cysteine, re- 
sorcinol, and catalase inhibit the present system as well as the 
dichlorophenol-activated system. Amytal and atabrine show 
no inhibition. 


TABLE [ 
Cofactor activity of phenolic estrogens 
Substance DPNH oxidized* 
pmoles 
Estradiol-178 0.099 
Estradiol-17a 0.100 
Estriol 0.090 
Equilenin 0.110 
Hexestrol 0.142 
* Average of duplicate experiments. 
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Fic. 7. Inhibition of estradiol-activated DPNH oxidation by 
diethylstilbestrol. Varying concentrations of diethylstilbestrol 
in propylene glycol were added to an incubation mixture contain- 
ing 0.013 m phosphate buffer (pH 7.7), 5 X 10-§'m MnCl., 1 X 10-4 
M DPNH, and 1 X 10-5 o estradiol-17€ in a total volume of 3.0 
ml. One-tenth ml of a 5% uterine homogenate was then added to 
start the reaction. 
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Fic. 8. Inhibition of estrogen activated DPNH oxidase by di- 
ethylstilbestrol. = 0.03 wg per ml of estradiol-178; —— = 
0.03 wg per ml of estradiol-178 and 0.07 ug per ml of diethylstilbes- 
trol in the assay mixture described in the legend to Fig. 3. Inthe 
presence of stilbestrol, no reaction occurred for5 minutes. Higher 
estradiol concentrations did not affect the length of this period. 
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Fic. 9. Effect of pH upon the rate of DPNH oxidation by uter- 
ine homogenates in the presence of various phenols. The incuba- 
tion mixture consisted of 0.013 m buffer as indicated in the text, 
5 X 10-5 m MnCle, 1 K 10-*m DPNH, and 0.10 ml of 1% uterine 
homogenate. The phenols were: ——, 1 X 10-5 o estradiol-178; 
------ , 1 X 10-5 hexestrol; —— 7 X 10-5 m 2,4-dichlorophenol; 
---, 7X 10-5m phenol. The various phenols were not run on 
the same sample of homogenate, so these curves do not show the 
relative activity of the phenols. 


Other Oxidase Substrates—Fig. 10 shows the rate of oxidation 
of DPNH, TPNH, and 1,4-dihydro-N-benzylnicotinamide! by 
the estradiol-activated oxidase system. DPNH and TPNH 
were oxidized at identical rates. The reduced N-benzylnico- 
tinamide was oxidized more rapidly than the nucleotides. 

Tissue Specificity of Oxidase Reaction—Estradiol was adminis- 
tered subcutaneously to intact rats, 100 wg daily for 3 days in 
0.1 ml of propylene glycol. Uterine homogenates from the 
treated animals were fully active in the spectrophotometric 
extradiol-activated oxidase system. Homogenates prepared 
from liver, kidney, lung, spleen, and small intestine from these 
animals at a concentration of 1 and 10% showed no estradiol- 
catalyzed activity. 


1We are indebted to Dr. Frank Westheimer of Harvard Uni- 
versity for this compound. 
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TABLE II 
Effect of inhibitors on estradiol activated oxidase 
Substance Concentration Inhibition 

% 

NaCN 8 X 10°‘ 100 

CuSO, 1.5 X 10-5 100 

Catalase, crystalline 10 wg/ml 100 

Resorcinol 3X 10-*m 100 

Cysteine 1.3 X 10°? 60 

Glutathione, reduced 5 X 10°*m 50 

2X 50 

Amytal 4X 0 

Atabrine 1X 0 

DPN 1X 10°*m 0 

ra) 

N 0.4- 

> 

0.I- 
! 5 10 15 20 
MINUTES 


Fig. 10. Oxidation of DPNH, TPNH, and 1,4-dihydro-N-ben- 
zylnicotinamide by uterine homogenates. Incubation mixtures 
contained 0.013 m phosphate buffer (pH 7.7), 5 X 10-5 m MnCl, 
and 0.01 m reduced pyridine compound. Oxidation was initiated 
by addition of estradiol-178 in propylene glycol to a final concen- 
tration of 3X 10-'m. The rates of the DPNH and TPNH oxida- 
tions were studied at 340 my, that of the reduced benzylnicotin- 
amide at 355 mz. X——X, DPNH; @----- e, TPNH; e—e, 
1,4 dihydro-N -benzylnicotinamide. 


DPNH Oxidase, Diaphorase, and Cytochrome c Reductase Ac- 
tivity of Uterine Homogenates—Contrary to the result obtained 
with more dilute enzyme, when 0.10 ml of a 10% uterine ho- . 
mogenate was added to the spectrophotometric oxidase assay 
system described in the legend to Fig. 3, a rapid oxidation of 
DPNH was observed. Addition of estradiol to such a system 
did not invariably result in increased oxidation. The nonestro- 
gen-stimulated oxidation was not inhibited by 1 xX 107% m 
atabrine, 4 X 10-* m amytal, or by 3 X 10-‘M resorcinol. 

The addition of 0.10 ml of 0.01% methylene blue to the same 
spectrophotometric system as well as 0.10 ml of 1% uterine 
homogenate showed a rate of DPNH oxidation approximately 
that attained by the addition of estradiol. In the absence of 
either methylene blue or estradiol, no oxidation occurred. Ad- 
dition of 10 ug of estradiol to the methylene blue system resulted 
in a barely significant increase in the rate of DPNH oxidation. 
The methylene blue catalyzed oxidation was not inhibited by 
3 X 10-5 Mm cyanide. Substitution of TPNH for DPNH re- 
sulted in no significant alteration of the reaction. 

Addition of 0.10 ml of 1% cytochrome c to the spectrophoto- 
metric oxidase system resulted in evident reduction of the cyto- 
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Fig. 11. Effect of administration of estradiol to immature rats 
on the activity of uterine oxidase activated by either estradiol or 
dichlorophenol. Experimental conditions are described in the 
text. Enzymatic activities are expressed as AAgo per minute per 
0.10 ml of homogenate. @ ----- @ = Activity with added estradiol; 
xX——X = activity with added dichlorophenol. 


Estradiol Activation of Uterine DPNH Oxidase 
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Fig. 12. Induction of estradiol-activated uterine oxidase ac- 
tivity in Sprague-Dawley rats. The animals weighing 150 to 200 
g were given daily subcutaneous injections of 100 ug of estradiol- 
178 in 0.1 ml of propylene glycol. The assays were done in the 
presence and absence of 3 X 10-5 m estradiol-178 in the incubation 
mixture described in the legend to Fig. 3. Initial rates of reac- 
tion were proportional to the volume of homogenate employed. 
Results are expressed as AAgo per minute per ml of 1% uterine 
homogenate. Each circle represents an individual assay and each 
cross the mean. Numbers in parenthesis indicate the number of 
homogenates showing identical activites. 


chrome as shown by an increase in absorbance at 550 mu. No 
increase in cytoehrome c reductase activity was produced by the 
addition of estradiol. 

Effect of Estradiol Administration to Immature Animals—Fig. 
11 shows the effect of administration in vivo of estradiol-178 to 
immature rats on the activity of the uterine oxidase activated 
in vitro by either estradiol-178 or 2,4-dichlorophenol. Twenty- 
four-day-old rats were given daily subcutaneous injections of 
100 ug of estradiol-178 in 0.10 ml of propylene glycol. At the 
indicated times, uterine homogenates were prepared and assayed 
for oxidase activity. No activity was evident in the absence of 
added activator. Untreated control rats were assayed on each 
experimental day and failed to show activity with either acti- 
vator. The activity of the system with estradiol as cofactor 
in vitro was estimated under the conditions illustrated in Fig. 6, 
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and the results are expressed in terms of the activity of 0.1 ml of 
1% homogenate. The activity with 2,4-dichlorophenol wag 
estimated by the method previously described (2), with 3 x 10-4 
M dichlorophenol. Figure 11 also shows that the rate achieved 
under the optimal conditions with dichlorophenol is about 10 
times that achieved under optimal conditions for estradiol ac- 
tivation. 

The development of hormonally stimulated enzymatic ac- 
tivity upon administration of estradiol is not due to an increase 
in some thermostable cofactor in the stimulated tissue. Active 
homogenates from estrogen stimulated animals were completely 
inactivated by heating at 100° C for 5 minutes. Addition of 
inactive homogenate from immature animals to such heat in- 
activated homogenates did not result in any enzymatic activity. 

Induction of Estradiol Activated Oxidase in Mature Rats—Fig. 
12 indicates that the administration in vivo of large doses of 
estradiol-17 results in definite uterine oxidase activity catalyzed 
by hormone in vitro. Untreated mature rats showed little or 
no activity. (The failure of some rats to respond at all even 
after 48 hours of maximal stimulation is of interest.) The in- 
duced activity rose to a maximum on the fifth day, and could 
be demonstrated only in the presence of estradiol or other phe- 
nols in vitro. The results are expressed in terms of volume of 
homogenate. 


DISCUSSION 


The uterine oxidase measured in the presence of dichlorophe- 
nol is absent in immature, oophorectomized-adrenalectomized, 
hypophysectomized rats, and in most oophorectomized rats, 
The administration of either stilbestrol or estradiol produces 
prompt development of the oxidase in uterine tissue (2,3). The 
present study indicates that this oxidase behaves like an induced 
enzyme. Under the appropriate conditions estradiol will cata- 
lyze the oxidation of DPNH by an enzymatic system whose 
activity is markedly enhanced by the administration of estradiol. 
This induction may be a specific metabolic adaptation of the 
type described by Knox (4) or may result from a generalized 
increase in all enzymatic systems due to the rapid growth of the 
uterus. These mechanisms have not been distinguished in the 
present study using estradiol as the phenolic cofactor, but in the 
dichlorophenol catalyzed system, oxidase activity was stimu- 
lated by the administration of estradiol to oophorectomized rats 
in 2 hours (3), when net protein synthesis cannot be detected. 

A variety of phenolic substances have been shown to catalyze 
the oxidation of reduced pyridine nucleotides by the uterine 
oxidase. There is no reason to believe that the activation by 
phenolic estrogens affects a different system from that activated 
by dichlorophenol. Dichlorophenol is a better activator than 
estradiol and this probably accounts for the observation that 
uterine homogenates from intact rats rarely are activated by 
estradiol whereas they are commonly activated by dichloro- 
phenol. The activation of uterine homogenates from intact 
rats by dichlorophenol varies in a cyclical fashion during the 
estrus cycle (3) and is presumably controlled by endogenous 
estrogen production. The administration of large doses of 
estrogen increases the activity of phenol-activated oxidase so 
that the effect of the weak activator, estradiol, can be observed. 

The oxidation of reduced pyridine nucleotides by the uterine 
oxidase activated by phenolic estrogen shows little specificity 
with regard to either substrate or hormonal cofactor. DPNH, 


TPNH, and 1,4-dihydro-N-benzylnicotinamide are rapidly oxi- 


1508 

See 
t] 

a 
b 

0 

p 
al 

t 
Cé 

t 

0 

t 
A 

ti 
pe 

u 

h 

C 
ti 

d 
re 

ti 

1S 

f 
ti 


May 1960 


dized by the complete system. It seems unlikely that these 
three compounds would fit the same reactive locus of enzymatic 
action and more likely that substrate oxidation is accomplished 
by some enzymatically produced reactive moiety. The capacity 
of phenolic estrogens to act as cofactor in vitro in the oxidase 
system is not related to the estrogenic activity in vivo of the 
compounds. Thus estradiol-178 and -17a show identical ca- 
pacities in vitro. The failure of diethylstilbestrol to exhibit 
activity in tro comparable to estradiol is of interest. Although 
this substance did exhibit slight activity when used alone, its 
capacity to inhibit estradiol activation of the system suggests 
that a complex mechanism of simultaneous stimulation and 
inhibition may obtain. 

Williams-Ashman et al. (5) have described a catalytic effect 
of phenolic estrogens on DPNH oxidation by horseradish and 
lactoperoxidase. These observations have been confirmed in 
this laboratory and may be similar in mechanism to those of 
Akazawa and Conn (6) who showed that certain phenolic sub- 
stances would catalyze the oxidation of reduced pyridine nucleo- 
tides by horseradish peroxidase in the absence of added hydrogen 
peroxide. Lucas e¢ al. (7) have described a peroxidase in rat 
uterine homogenates catalyzing the oxidation of a leuco dye by 
hydrogen peroxide. The activity of this enzyme in uterus is in- 
creased by the administration of estrogen. The diaphorase ac- 
tivity of uterus studied by Bever et al. (8, 9) also increases with 
estrogen administration and was studied by measuring the re- 
duction of neotetrazolium by DPNH. This system did not 
respond to addition of estrogen in vitro and is probably similar 
to the study with methylene blue described above. The rela- 
tionship of the present work to uterine peroxidase and uterine 
diaphorase is under further study. 

The incomplete oxidation of DPNH with estradiol as activator 
is not due to the fall in concentration of reduced nucleotide since 
further addition of DPNH has no effect. Reactivation by addi- 
tion of either more enzyme, or more estradiol, is difficult to ex- 
plain. The study with isotopic estradiol demonstrated that no 
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significant destruction of hormone occurs. The significance of 
the small qunatity of polar product obtained is under study. 
The enzyme in the incubation mixture is not irreversibly inacti- 
vated or further addition of estradiol would not cause reactiva- 
tion. The relationship between activation by dichlorophenol 
and estradiol must be left open until the enzyme system is puri- 
fied. 


SUMMARY 


Conditions have been described for the activation in vitro by 
estradiol of a DPNH oxidase in rat uterine homogenates. The 
oxidase activity is absent in homogenates of immature animals 
and is induced by the administration in vivo of estrogen. The 
effect in vitro of phenolic estrogens is not related to their biological 
activity. DPNH, TPNH, and 1,4-dihydro-N-benzylnicotin- 
amide are oxidized by the complete system. With the use of 
radioactive estrone and estradiol as catalysts for DPNH oxida- 
tion, it was shown that less than 3% of the two steroids was 
altered to an unidentified, more polar substance. 
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On the basis of physical and synthetic evidence, Gawron et al. 
(2, 3) have concluded that the 6-carboxy] group in DL-isocitric 
lactone is cis to the a-carboxyl group. Since the stereochemistry 
of the a-carbon of natural d-isocitrate had been previously 
elucidated by Greenstein et al. (4, 5) and shown to correspond 
to the L, configuration, Gawron et al. (2, 3), referring to the B- 
carboxyl group of d-isocitrate as a substituent similar to the 
B-hydroxy] group of threonine, assigned to p,! configuration to 
the B-carbon of d-isocitrate. The structure proposed by these 
authors has recently been confirmed by means of crystallographic 
studies on naturally occurring isocitrate (6). In discussing the 
biochemical implications of the absolute configuration of natural 
d-isocitrate, Gawron et al. (2, 3) have pointed out that such a 
structure is only compatible with a trans mechanism of addition 
of water across the double bond of cis-aconitate, and suggested 
a modification of the scheme proposed by Speyer and Dickman 


* This investigation was supported by a research grant (RG- 
4428) from the National Institutes of Health, United States Pub- 
lic Health Service. A preliminary report of this work has been 
presented before the meeting of the Federation of American So- 
cieties for Experimental Biology in April 1959 (1). 

1 Thus, naturally occurring d-isocitrate has been designated as 
Q@L,-8D,-isocitrate by Gawron et al. (2, 3) and this nomenclature 
represents a slight modification of that used by Winitz et al (5). 
For the purpose of the present paper, however, it was thought ad- 
visable to consider the stereochemical relationships between the 
a- and 6-carbon atom substituents of d-isocitrate which are acted 
upon by aconitase. If the ring of natural isocitric lactone in 
which the a- and #-carboxyl are cis to each other is opened, it 
becomes immediately evident that thea-OH and the f-H are stere- 
ochemically identical if one considers the a-carbon carboxyl group 
and hydrogen atom to be equivalent to the 6-carbon carboxyl 
group and carboxymethyl group, respectively. Thus, when ex- 
amined from a point outside the molecule on the axis joining the 
two asymmetric carbon atoms, the OH, COOH, and H groups 
attached to the proximal a-carbon atom and the H, COOH, and 
CH:COOH groups attached to the proximal 6-carbon atom, will 
always appear in that equivalent order, reading clockwise. In 
subsequent discussion in this paper, therefore, the configuration 
of natural d-isocitrate will be designated on the basis of the evi- 
dence brought forth (2-6) as OH-(a_), H-(8L)-isocitrate. Similar 
considerations have been applied to the assignments of configura- 
tion to the deutero-L-malate isomers arising by either a cis or 
trans mechanism of addition of D2O and H:O to fumarate and 
dideuterofumarate, respectively, and to the various possible 
monodeuterocitrate isomers. 


(7) for the mechanism of aconitase, taking into account the 
trans nature of the reaction. 

Previous work by Englard and Colowick (8) established the 
stereospecific behavior of the aconitase catalyzed reaction. In 
accordance with the mechanism formulated by Speyer and Dick- 
man (7) the demonstrated stereospecificity was seen to consist 
of a selective action on one of the pair of methylene hydrogens 
on the enzyme-carbonium ion complex arising from citrate. In 
addition, this selectivity was considered to apply not only to the 
dissociation of the hydrogen as a proton to form cis-aconitate, 
but also to the intramolecular transfer of the hydrogen to the 
B-carbon to form the immediate precursor of d-isocitrate. It is 
the purpose of this paper to demonstrate that the enzyme 
aconitase acts stereoselectively on the a-deuterium atom of 
monodeuterocitrate derived enzymatically from monodeutero- 
L-malate obtained by the fumarase catalyzed stereospecific 
hydration of fumarate in D,O (9, 10). This finding, in conjunc- 
tion with the established stereochemistry of naturally occurring 
d-isocitrate (2-6) is discussed in terms of the mechanisms of the 
addition reactions catalyzed by both fumarase and aconitase. 


EXPERIMENTAL 


Matervals and Methods 


Enzymes and Substrates—Crystalline pig heart fumarase was 
prepared by the method of Massey (11) and its activity deter- 
mined by measuring the rate of decrease in optical density at 300 
my due to fumarate hydration (12). Malic dehydrogenase, 
transacetylase, and condensing enzyme were prepared and used 
as previously described (13). Crystalline muscle lactic dehy- 
drogenase was purchased from the Sigma Chemical Company 
and before use was dialyzed against 0.1 mM potassium phosphate, 
pH 7.4. Aconitase was prepared from minced pig heart tissue 
in accordance with the method described by Morrison (14). The 
activity of this enzyme was measured by the increase in absorp- 
tion at 240 my due to cis-aconitate formation from citrate (12). 
TPN+-isocitric acid dehydrogenase was prepared according to 
the method of Ochoa (15). The units of fumarase, condensing 
enzyme, transacetylase, and aconitase are expressed in terms of 
their conventional assay procedures (11, 16, 17, 18). The activ- 
ities of malic, lactic, and isocitric dehydrogenases were deter- 
mined by their respective assay procedures (19, 20, 15) and the 
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units are expressed in terms of umoles of DPNH oxidized or 
TPN* reduced per minute. 

DPN+, TPN*, and CoA were products of the Sigma Chemical 
Company. Dilithium acetyl phosphate was obtained from the 
Worthington Biochemical Corporation. Dideuterofumarate 
(1.74 atoms of deuterium per molecule) was prepared by the 
controlled catalytic deuteration of acetylene dicarboxylic acid 
dimethyl ester and was a gift from Dr. Henry D. Hoberman. 

Preparation of Deutero-t-malate Isomers—Twenty-four milli- 
liters of 0.1 m fumarate in 0.05 m potassium phosphate, pH 7.7, 
in 99.8% DO, and 24 ml of 0.1 m dideuterofumarate in 0.05 m 
potassium phosphate, pH 7.4, in HzO were incubated in separate 
flasks at 28° with 270 units of crystalline fumarase (0.25 ml). 
Small aliquots of each reaction mixture were transferred to 1.0- 
cm? silica cuvettes provided with 8-mm quartz inserts, and the 
progress of each reaction was thus measured by following the 
decrease in optical density at 300 my. At equilibrium, the reac- 
tions were stopped by heat inactivation. The solutions, after 
cooling, were titrated with dilute NaOH to the phenolphthalein 
end point and passed through Dowex 1-formate (8% cross- 
linkage) columns. The acids were separated by elution with 
continually increasing formic acid concentrations as described 
by Busch et al. (21). After desiccation, the fractions represent- 
ing the malic acid peaks, identified as previously described (10), 
were combined by solution in HzO and adjusted to known vol- 
umes. The malic acid content of each sample was quantitatively 
determined by the method of Goodban and Stark (22). It was 
thus ascertained that 1.87 mmoles each of monodeutero-L-malate 
and a,8-dideutero-L-malate were obtained. In preparation for 
the deuterium analyses. appropriate amounts of each isomer 
were diluted with normal L-malic acid and the malate samples 
were reisolated as the diphenacy] esters (23) which were recrystal- 
lized three or four times from benzene and petroleum ether. 

Preparation of Monodeuterocitrate Isomers from Corresponding 
Deutero-t-malate Isomers—Monodeutero-t-malic acid and 
dideutero-L-malic acid, 1643 umoles each, neutralized to pH 7.4, 
were incubated in separate flasks with: 5500 umoles of Tris, 
pH 8.1; 2750 wmoles of KCl, 220 umoles of MgSO,, 550 umoles 
of neutralized L-cysteine-HCl, 1650 uwmoles of potassium pyru- 
vate, 1375 uwmoles of dilithium acetyl phosphate, 37.4 umoles of 
DPN*, 1179 units of CoA, 263 units of lactic acid dehydrogenase, 
1670 units of malic acid dehydrogenase, 386 units of transacety]- 
ase, and 4995 units of condensing enzyme in a total volume of 
50.0 ml. The reactions were initiated by the addition of malic 
acid dehydrogenase and the incubations were carried out at 28°. 
At various time intervals 0.1-m] aliquots were withdrawn for the 
determination of acetyl phosphate by the hydroxylamine method 
of Lipmann and Tuttle (24). It was thus established that the 
reactions were essentially complete within 10 minutes. At 26 
minutes the reactions were terminated by acidification to pH 1.1 
with concentrated HsSO,. Citric acid determinations by the 
procedure of Natelson et al. (25) as modified by Stern (26) re- 
vealed the presence of 835 umoles of citrate in the reaction mix- 
ture containing monodeutero-L-malate and 845 umoles of citrate 
in the incubation mixture containing a,@-dideutero-L-malate. 
The acidified reaction mixtures were extracted continuously for 
108 hours with ether and the ether extractable material chroma- 
tographed on Dowex 1-formate columns for the separation of 
citric acid as described previously (13). After appropriate dilu- 
tion of each monodeuterocitrate isomer with normal citrate, a 
major portion of each sample was neutralized with dilute KOH 
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to pH 7.5 to 7.8 for the subsequent reactions described below. 
From the rest of each sample, on further dilution, citrate was 
isolated as the free acid by repeated recrystallizations from ethyl 
acetate and hexane or from hot nitroethane. 

Equilibration of Monodeuterocitrate Isomers with Aconitase and 
Subsequent Oxidation of Corresponding d-Isocitrates with TPN*+ 
by Isocitric Acid Dehydrogenase—Each incubation mixture con- 
tained either 703 umoles of diluted monodeuterocitrate derived 
from monodeutero-L-malate or 721 wmoles of monodeuterocitrate 
synthesized from a,§-dideutero-L-malate, plus 750 umoles of 
glycylglycine, pH 7.4, in a total volume of approximately 13.5 
ml. The reactions were initiated by the addition of 4 ml of an 
aconitase solution (1850 units per ml), preincubated at 0° in 
5.1 X 10-4 Mm Fe(NH4)2(SO,4)2 and 0.01 m cysteine, pH 7.4, for a 
minimum of 30 minutes (27). Additional 1.5-ml portions of the 
same aconitase solution were added at 45, 90, 135, and 180 min- 
utes. The aconitase equilibrations were carried out at 30° and 
extended over a total period of 225 minutes. At that time, each 
reaction mixture received 18 uwmoles of MnClz, 93.4 umoles of 
unneutralized TPN+, and 9.8 units of isocitric acid dehydro- 
genase. The final volumes were adjusted to 30.0 ml; the pH of 
each solution was found to be 6.7. Small aliquots of each incuba- 
tion mixture were transferred to 1-cm? cuvettes provided with 
9-mm quartz inserts and the rates of TPNH formation were 
measured spectrophotometrically at 340 mu. Reduction of the 
added TPN*+ was essentially complete within 30 minutes and the 
reactions were terminated at the end of 32 minutes by immersing 
the flasks for 2 minutes in boiling water with immediate subse- 
quent cooling in ice. 

Procedures for Reoxidation of TPNH and Isolation of Nicotin- 
amide—Each of the above solutions, after filtration through 
Whatman No. 2 paper, received 1.5 ml of 0.1 m K3Fe(CN), and 
was incubated at 30° for 2 hours. The reaction mixtures were 
then adjusted to a final phosphate concentration of approxi- 
mately 0.2 m at pH 9.4 and heated for 12 minutes in a boiling 
water bath (28). The experimental procedures followed for the 
subsequent isolation, estimation, dilution, and recrystallization 
of nicotinamide have been described in detail by Pullman et al. 
(29). 

Isotope Analyses—After prolonged desiccation under high 
vacuum over P.O; the crystalline samples of diphenacylmalate, 
citric acid, and nicotinamide were combusted. The water pro- 
duced was converted to hydrogen which was analyzed for deu- 
terium with a model 21-401 Consolidated mass spectrometer. 


PROCEDURE AND RESULTS 


The experimental approach to the problem under investiga- 
tion may be visualized by an analysis of the reaction sequences 
formulated in Fig. 1. Reaction 1 illustrates the fumarase cata- 
lyzed hydration of fumarate in D,O. In view of the demon- 
strated stereospecificity of this reaction (9, 10) only one possible 
isomer of monodeutero-L-malate is obtained. Reaction 2, repre- 
sents the oxidation of monodeutero-L-malate to monodeutero- 
oxaloacetate by malic dehydrogenase in the presence of DPN*. 
Since oxaloacetate has been shown to be enzymatically reduced 
in the keto form (23, 30) and therefore probably also arises as 
keto oxaloacetate from L-malate in the reverse reaction, the 
stereochemistry of the 8-carbon is unaffected. The condensa- 
tion of monodeuterooxaloacetate with acetyl-CoA is described 
by Reaction 3. It has recently been shown that keto oxalo- 
acetate is the substrate of the citrate condensing enzyme (13) 
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Fia. 1. Stereospecific synthesis of monodeuterocitrate 


TABLE I 


Reaction of isocitric acid dehydrogenase on d-isocitrate arising by 


action of aconitase on monodeuterocitrate isomers derived from 
stereospecifically labeled deutero-t-malate isomers 


Stereospecificity of Fumarase and Aconitase Reactions 


Deuterium 
content 
Experi- | Deutero-1-malate obtained Com ds | Dilution 
ment No.!| by the action of fumarase on —— factor Atom | A 
%  |D/mole- 
ex cul 
1 Fumarate in D,O L-Malic 16.9 | 0.33 | 1.00 
Citric 9.2 | 1.12 | 0.82 
Nicotin- 33.44 | 0.00 | 0.00 
amide¢ 
2 Dideuterofumarate L-Malic 15.0 | 0.64 | 1.73 
in H.O Citric 17.4 | 0.61 | 0.85 
Nicotin- 38.64 | 0.29 | 0.67 
mide* 


*¢ Experimental values. 

> Values corrected for dilution and calculated on the basis that 
1 atom of deuterium per molecule of diphenacyl-malate, citric 
acid, and nicotinamide would correspond to a value of 5.55, 12.5, 
and 16.7 atoms % excess, respectively. 

¢ The deuterium content of the nicotinamide is identical to the 
deuterium content of the oxidized TPN* from which it was de- 
rived. 

¢ The dilution factors for the nicotinamide samples also include 
the initial dilution of the citrate isomers prior to aconitase equi- 
libration. These initial dilutions differ from the dilution factors 
recorded for the corresponding citric acid samples analyzed for 
deuterium (see text). 
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and therefore, the stereochemistry of the a-carbon of mono. 
deuterocitrate, derived from the -carbon of monodeutero. 
oxaloacetate (or from the initial monodeutero-L-malate), re. 
mains unchanged. Some racemization (and loss of deuterium) 
may occur by way of the reversible nonenzymatic keto-eno| 
tautomerization of the monodeuterooxaloacetate intermediate. 
The extent of racemization (or loss of deuterium) then, will 
depend on the relative rates of this tautomerism and the con. 
densation reaction with acetyl-CoA. It was therefore necessary 
for the purpose of the experimental approach used, to generate 
slowly the monodeuterooxaloacetate by limiting the amount of 
malic dehydrogenase, and to maintain high rates of citrate 
synthesis with the use of an excess of condensing enzyme and 
a large amount of phosphotransacetylase to regenerate rapidly 
acetyl-CoA from acetylphosphate in the presence of CoA. 

The inclusion of citrate as an intermediate in the tricarboxylic 
acid cycle necessitates the postulation that this acid reacts 
asymmetrically in both its synthetic and degradative pathways, 
Hence, as regards the specific configuration of the @-carbon of the 
enzymatically synthesized monodeuterocitrate, only one of the 
two possible isomers depicted in Fig. 1 can arise by way of the 
enzymatic condensation reaction. However, irrespective of the 
actual 6-carbon configuration, the stereochemistry of the a- 
carbon of the monodeuterocitrate arising by way of Reactions 
2 and 3 (A or B) is identical to that of the 6-carbon of the mono- 
deutero-L-malate arising from fumarate by way of Reaction 1 
in DO. If the sequence of reactions illustrated in Fig. 1 were 
initiated by the fumarase catalyzed hydration of dideutero- 
fumarate in normal water, the stereochemistry of the a-carbon 
of the monodeuterocitrate arising by the subsequent combina- 
tion of Reactions 2 and 3 would be opposite to that of the a- 
carbon of the products actually depicted in Fig. 1. Thus, the 
two possible isomers of monodeuterocitrate can be synthesized 
from the products of the stereospecific hydration of fumarate 
and dideuterofumarate in D,O and normal water, respectively. 
In view of the demonstrated stereoselectivity of the aconitase 
reaction (8) the a-deuterium atom of only one of the isomers 
will be involved in the reversible enzymatic dehydration of 
citrate. 

Previous studies (8) indicated that, although incubation of 
citrate with aconitase in heavy water led to a continual introduc- 
tion of deuterium into citrate, no similar increase with time was 
observed in the deuterium content of the TPNH obtained by the 
subsequent action of isocitric acid dehydrogenase on the d-iso- 
citrate present in the corresponding equilibration mixture. Since 
isocitric acid dehydrogenase was shown to catalyze a direct 
hydrogen transfer from: the a-carbon of d-isocitrate to TPN* (8), 
the above experimental observations were compatible only with 
the conclusion that the H in TPNH originated from the a-H 
of citrate which did not participate in the reversible dehydration 
catalyzed by aconitase. These same considerations were applied 
in the present study to determine which of the two possible 
isomers of monodeuterocitrate had the a deuterium atom in the 
proper steric configuration susceptible to the action of aconitase; 
the results are summarized in Table I. 

Experiment 1 was initiated with monodeutero-t-malate ob- 
tained by the equilibration of fumarate with fumarase in D,0. 
The corresponding citrate contained 0.82 atoms of deuterium 
per molecule; this value, representing an appreciable deviation 
from the theoretical value of 1.0 may partially reflect the degree 
of tautomerization of the intermediate monodeuterooxaloacetate 
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and the experimental error in the quantitative determination of 
citrate before the addition of diluent citrate. On further treat- 
ment with aconitase, isocitric acid dehydrogenase, and TPN*, 
this monodeuterocitrate isomer yielded unlabeled TPNH. Thus 
the a-deuterium atom of this citrate isomer, originally derived 
from D,O in the fumarase reaction, must have been lost in the 
formation of d-isocitrate by aconitase. In Experiment 2, the 
malate arising from the hydration of dideuterofumarate with 
fumarase in H2O contained 1.73 atoms of deuterium per molecule. 
Since the a-carbon deuterium atom is lost in the formation of the 
intermediate oxaloacetate, the corresponding citrate contains 
roughly half of the deuterium initially present in the a,@-di- 
deutero-L-malate. The reduced TPN, arising by the enzymatic 
oxidation of the d-isocitrate corresponding to this citrate isomer 
with 0.85 atom of deuterium per molecule, contained 0.67 atom 
of deuterium per molecule after chemical oxidation to TPN+t 
with neutral ferricyanide. It is therefore evident that the a- 
deuterium atoms of this citrate isomer, originally derived from 
the a or a’ carbon-bound hydrogen of fumarate, was not involved 
in the reversible dehydration reaction catalyzed by aconitase. 
The corresponding d-isocitrate of this monodeuterocitrate isomer 
must therefore have contained 0.85 atom of deuterium per 
molecule bound to the a-carbon atom, which on subsequent 
direct transfer to TPN+ should have yielded TPND with the 
same isotope concentration. The enzyme isocitric acid dehy- 
drogenase has recently been shown to have steric specificity for 
the a side of the pyridine ring (31). a-DPND retains about 
50% of its deuterium after chemical oxidation to DPN+ with 
neutral ferricyanide (29), whereas chemical oxidation of 8-DPND 
leads to an almost quantitative retention of the isotope in the 
oxidized nucleotide (32). In view of these considerations, the 
a-TPND of Experiment 2 with a theoretical isotope content of 
0.85 atom of deuterium per molecule should have yielded approxi- 
mately 0.43 atom of deuterium per molecule in the oxidized 
nucleotide. The reasons for the excessive retention of isotope 
in the TPN+ of Experiment 2 are not clear. It is possible, how- 
ever, that the chemical reoxidation of a-TPND may result in a 
more quantitative deuterium retention in the oxidized nucleotide 
than is the case with the oxidation of a-DPND. 


DISCUSSION 


The present study, extending our previous conclusions on the 
stereospecific nature of the reversible enzymatic dehydration of 
citrate in DzO (8), establishes the configuration of the aconitase 
synthesized monodeuterocitrate isomer in relation to the stereo- 
specificity of the reaction catalyzed by fumarase. 

In order to aid in the discussion of the stereochemistry of the 
enzymatic reactions which form the basis of the experimental 
approach used, reference is again made to Fig. 1. A configura- 
tion for the monodeutero-L-malate, the product of Reaction 1, 
has been proposed by Farrar et al. (33) based on the observed 
dipolar broadening of the proton magnetic resonance absorption 
in solid DOOCCH(D)C(OD)HCOOD. On the assumption that 
the carboxyl groups are trans in solid t-malic acid, the observed 
data were compatible with a cis mechanism of addition, catalyzed 
by the enzyme fumarase. In accordance with the observation 
and assumption on which this conclusion was based, the a- and 
8-carbon protons are gauche to one another in the monodeutero- 
L-malate depicted in Fig. 1. Considering the deuterium atom 
of the B-carbon as a substituent analogous to the a-carbon OH 
group, the substituted a- and 8-carbon atoms are superimposable 
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and hence their corresponding substituents are stereochemically 
indistinguishable. The product of the enzymatic cis hydration 


of fumarate in D,O may therefore be designated as OH-(at), 


deuterium-(@L)-malate. As previously discussed, no alterations 
have occurred in the asymmetry of the monodeuterocitrate a- 
carbon derived from the original §-carbon of monodeutero-t- 
malate by way of Reactions 2 and 3. Therefore, the a-carbon 
configuration of both monodeuterocitrate isomers depicted in 
Fig. 1 may be designated as deuterium-(au). As regards the 
configuration of the 8-carbon of enzymatically synthesized mono- 
deuterocitrate, however, one of the two possibilities indicated 
by either Reactions 3A or 3B may exist. The OH group on the 
B-carbon of the product of Reaction 3A occupies the same spatial 
position as the OH group on the a-carbon of monodeutero-t- 
malate and hence the citrate can be designated as deuterium- 
(aL), OH-(BL)-citrate. On the other hand, the configuration of 
the 8-carbon of the citrate arising by way of Reaction 3B is 
opposite to that of the a-carbon of monodeutero-t-malate, and 
therefore, the product of Reaction 3B may be referred to as 
deuterium-(aL), OH-(8p)-citrate. If the sequence of reactions 
illustrated in Fig. 1 were initiated by the fumarase catalyzed 
cis hydration of dideuterofumarate in normal water, the same 
arguments and convention of nomenclature used in the fore- 
going discussion would lead to an assignment of configuration of 
deuterium-(aD), OH-(8L)-citrate to the product of Reaction 3A 
and deuterium-(ap), OH(8p)-citrate to the product arising by 
way of Reaction 3B. 

It is evident that the above assignments of configuration to the 
a-carbon atoms of the two monodeuterocitrate isomers, described 
in the present work, depend on the tacit assumption that the 
mechanism of the stereospecific enzymatic hydration of fumarate 
to L-malate proceeds in acis manner. If one considers the conse- 
quences of a possible trans mechanism of fumarase action, the 
a-carbon atom configurations will be the reverse of those just 
given. A trans hydration of fumarate in D,O would lead to 
deuterium-(ap), OH-(61)-citrate and deuterium-(ap), OH-(@p)- 
citrate for the products of Reactions 3A and 3B, respectively. 
A similar trans addition of normal water to the double bond of 
dideuterofumarate would result in an assignment of configuration 
of deuterium-(aL), OH-(81)-citrate to the product of Reaction 
3A and deuterium-(at), OH-(8p)-citrate to the product of Reac- 
tion 3B. 

Table II summarizes the content of the previous discussion as 
regards the configurations of the possible monodeuterocitrate 
isomers obtained through Reactions 1, 2, and 3 (A or B) of Fig. 1 
depending on: (a) whether Reaction 1 was carried out with 
fumarate in D,O or with dideuterofumarate in H,O and (6) 
whether the fumarase catalyzed addition occurred in a cis or 
trans manner. In addition, since a trans mechanism for the 
reversible dehydration of d-isocitrate by aconitase (2, 3) also 
implies a trans mechanism for the reversible dehydration of 
citrate by the same enzyme, one can predict whether a hydrogen 
or deuterium atom is eliminated from the appropriate methylene 
group of each of the indicated monodeuterocitrate isomers. 
Moreover, since the a-hydrogen not involved in the aconitase 
reaction ultimately finds its way into the reduced TPN* through 
the isocitric dehydrogenase reaction (8), the appearance of either 
TPNH or TPND is compatible with only one of the mono- 
deuterocitrate isomers synthesized stereospecifically from each 
deutero-L-malate isomer of known configuration. 

The results obtained in the present study have shown that the 
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TaBLeE II 
Theoretical considerations relative to origin and fate of possible monodeuterocitrate tsomers 
Nat f 
Acti f f H D lost b duced TPN 
ction OF fumarase on or a- os arising by wa 
Configurations of ble monodeutero- Way 
isomers*® deutero-L-malate isomer through sequence | "formation of 
; of Reactions 2 and 3, Fig. 1 cis-aconitate _| dation of corre- 
Fumarate in D2O D = 
cis addition trans addition OH-(at), deuterium-(8L) deuterium-(aL),OH-(BL)?° deuterium TPNH 
deuterium- (aL) ,OH-(8p)¢ hydrogen TPND 
trans addition cis addition OH-(a.), deuterium- (8D) deuterium-(ap) ,OH-(8L)?® hydrogen TPND 
deuterium-(ap),OH-(6p)¢ deuterium TPNH 


* Malate arising from hydration of dideuterofumarate in H.O also contains deuterium on a-carbon atom. This a-carbon deuterium 
is irrelevant in the present assignment of configurations since it is lost through the subsequent action of malic dehydrogenase. 


> Reaction 3A, Fig. 1. 
© Reaction 3B, Fig. 1. 


On OH 
H COOH H / \ CHgCOOH 
WAY WAY 
C; Co Cc, C 
HOOC H COOH 
1 2 1 2 
toon toon toon Hood 
A B 


Fig. 2. Steric consequences arising from a preferred direction 
of addition of OH to either of the unsaturated carbon atoms of 
fumarate and cis-aconitate (cf. 34, 35). 


initiation of the reaction sequence with fumarate in D,O results 
in the formation of TPNH, whereas TPND is obtained when the 
sequence is initiated with the hydration of dideuterofumarate in 
normal water. By inspecting Table II it becomes evident that 
with a cis mechanism for the hydration of fumarate (33), our 
results are compatible with the conclusion that the stereospecific 
action of aconitase is on an a-hydrogen atom of citrate which 
may be designated as H-(aL). Furthermore, the action of 
aconitase on this H atom by a trans mechanism of elimination 
in the formation of cis-aconitate leads to the conclusion that the 
OH group of the 6-carbon of the citrate synthesized by the con- 
densing enzyme must be designated as OH-(GL) (Reaction 3A). 
Thus, with a cis mechanism of fumarase action, the interpreta- 
tion of the results presented in this paper must lead to the ulti- 
mate conclusion that aconitase acts on stereochemically identical 
groups in both citrate and isocitrate. However, it will become 
evident from the arguments presented below, that the conse- 
quences of the theoretical stereochemical restrictions imposed 
by the specificity of the aconitase reaction would lead us to 
exactly the opposite conclusions. 

It has been suggested by Krebs (34), that in the hydration of 
fumarate, if one assumed a three point attachment so that only 
one member of the double bond was attacked, one could account 
for the optical specificity of the fumarase reaction. As shown 
in Fig. 2A, whether the OH group adds to C-1 or C-2 of fumarate 
from the same direction the absolute configurations of the hy- 


droxylated C-1 and C-2 are identical. Ogston (35) has pointed 
out that similar considerations account for the optical specificity 
of the aconitase reaction with respect to d-isocitrate and for the 
formation of both citrate and isocitrate from cts-aconitate by 
the action of a single enzyme. Thus, depending on whether the 
OH group adds to C-1 or C-2 of cis-aconitate, one obtains iso- 
citrate or citrate, respectively (Fig. 2B). There is, however, a 
stereochemical consequence which results from the fact that the 
aconitase, unlike the fumarase reaction causes the hydration of a 
cis double bond. As illustrated in Fig. 2B, the addition of OH 
to C-1 or C-2 of cis-aconitate from the same direction to the same 
component of the double bond leads to stereochemically opposite 
hydroxylated carbon atoms. In view of the demonstrated intra- 
molecular hydrogen shift in the direct interconversion of d-iso- 
citrate to citrate (7), it is likely that the same enzymatic site is 
involved in the addition of hydrogen to cis-aconitate to form 
citrate and isocitrate. One may also consider a similar identity 
of the OH-donating enzymatic site. Thus, in accordance with 
Ogston’s proposal (35) it is suggested that the same sites adding 
either the OH group or H atom to the asymmetric enzyme-cis- 
aconitate intermediate in the formation of optically active d- 
isocitrate, also add from the same direction to the opposite carbon 
atoms in the formation of citrate. Such a mechanism must 
necessarily lead to opposite configurations of the respective a- 
and #-carbons of citrate and isocitrate. This stereochemical 
description of the aconitase reaction is in agreement with the 
proposed mechanism of aconitase action as presented by Gawron 
et al. (3). In this latter paper the trans stereochemistry in going 
reversibly from cis-asconitate to isocitrate was established by 
ascertaining the absolute configuration of naturally occurring 
d-isocitrate. A similar reversible trans mechanism of citrate 
dehydration, through a protonated cis-aconitate common inter- 
mediate, was then depicted in Fig. 6 of their paper to yield a 
citrate molecule with a- and 8-carbon configurations opposite 
to those of the corresponding carbon atoms in d-isocitrate. Since 
the absolute configuration of isocitrate has been shown to corre- 
spond to OH-(at), H-(GL)-isocitrate (2-6), the foregoing argu- 
ments would predict a configuration of deuterium-(ap), OH- 
Bp)-citrate for the corresponding monodeuterocitrate arising by 
the action of aconitase in D,O. As a consequence of these 
theoretical considerations, the aconitase catalyzed elimination of 
deuterium from a stereospecifically synthesized monodeutero- 
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citrate isomer must mean that the deuterium atom acted upon 
conforms to the deuterium-(ap) designation. In order to be 
compatible with the results obtained in the present study, such 
an isomer could only have arisen by the sequence of reactions 
depicted in Fig. 1 from OH-(at), deuterium-(8D)-malate which 
represents the product of a trans fumarase mechanism of D,O 
addition to fumarate? (cf. Table II). In addition, the formation 
of cis-aconitate by the aconitase catalyzed trans elimination of 
DOH from such a monodeuterocitrate isomer (deuterium-(aD)) 
necessitates the designation of OH-(8p) to the B-carbon OH 
group. Based on these foregoing considerations then, one must 
conclude that the citrate-condensing enzyme catalyzes Reaction 
3B illustrated in Fig. 1. This OH-(8p) monodeuterocitrate 
written according to the Fisher convention (with top and bottom 
groups projecting behind the plane of the paper) must be shown 
to have arisen from monodeutero-L-malate by the projection 
sequence formulated below: 


COOH COOH | 
—2H+ H;CSCoA 
CHDCOOH CHDCOOH 
Lt-Monodeuteromalate Monodeutero- 
oxaloacetate 
COOH 
HOOCCH;—C—OH 
CHDCOOH 


p-Monodeuterocitrate 


Martius and Schorre (36) described the synthesis of L( —)- and 


p(+)-dideuterocitric acid from L(—)- and D(+)-oxalocitramalic 
acid lactone, respectively. On enzymatic degradation, the a- 
ketoglutaric acid derived from the L(—) isomer retained all the 
deuterium, whereas that from the p(+) isomer contained no 
deuterium (37). The structure of the L(—) isomer has been 
formulated by Schwartz and Carter (38) as shown below: 


OH 
HOOCCD:—C—CH;COOH 
COOH 


Thus, with the OH “up” and the COOH “down,” the carboxy- 
methyl group on the right is the oxaloacetate-derived, aconitase- 
active group and the —CD2zCOOH group on the left is derived 
from acetyl-CoA and is the aconitase-inactive group. This 
structure may be rewritten according to the convention employed 
above, namely with the —COOH group on top, the —R group, 
in this case the oxaloacetate derived —CH2COOH group, on the 
bottom, and both projecting behind the plane of the paper to 
give: 

COOH 
HOOCCD,—C—OH 
CH.COOH 


It therefore becomes apparent that the enzymatic product, which 
has been described by Martius and Schorre (36) as being equiva- 
lent to an isomer which they considered as having the L-configura- 


? Recent evidence points to a trans mechanism for the fumarase 
reaction (Dr. Robert A. Alberty, personal communication). 
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tion, actually also conforms to the p-configuration in terms of the 
projecting convention used in the present paper to describe the 
sequence of enzymatic reactions from L-malate to citrate. The 
results of the present study interpreted on the basis of a trans 
fumarase mechanism are therefore consistent with an assigned 
configuration for enzymatically synthesized citrate in agreement 
with the conclusions of Martius and Schorre (36, 37). 


SUMMARY 


Aconitase has been shown to remove the deuterium atom of 
monodeuterocitrate obtained stereospecifically from monodeu- 
tero-L-malate arising by the action of fumarase on fumarate 
in D,O. Hence, the proton added by fumarase is subsequently 
removed by aconitase in this partial sequence of the tricarboxylic 
acid cycle. The deuterium atom of the monodeuterocitrate 
isomer obtained from a,@-dideutero-L-malate, arising by the 
fumarase-catalyzed hydration of dideuterofumarate in normal 
water, is not removed by the action of aconitase. All of the 
deuterium of this isomer is retained on the a-carbon atom of the 
corresponding d-isocitrate and is transferred directly to triphos- 
phopyridine nucleotide by the subsequent action of isocitric acid 
dehydrogenase. Thus, the proton acted upon by isocitric acid 
dehydrogenase originates from the a or a’ carbon bound hydro- 
gen of fumarate. 

The stereochemical consequences, of the established relation- 
ship between the stereospecific addition reactions catalyzed by 
both fumarase and aconitase, are discussed in terms of a cis or 
trans mechanism for the hydration of fumarate. 
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Addendum—After this paper was submitted for publication, 
two communications have appeared which relate to the nature 
of the fumarase reaction (39, 40). 3-Monodeutero-pL-malic acid 
has been synthesized stereospecifically by the trans opening of 
the oxide ring of 3,4-epoxy-2,5-dimethoxytetrahydrofuran with 
lithium aluminum deuteride, followed by acid hydrolysis and 
subsequent oxidation of the dialdehyde to the corresponding 
hydroxydicarboxylic acid. Because the malic acid so formed 
has the hydroxyl group and the deuterium atom in a trans con- 
figuration, the enantiomorphs may be referred to as OH-(at), 
deuterium-(@L)-malic acid and OH-(ap), deuterium-(8p)-malic 
acid.1. These configurations would arise by a cis addition of 
D.O to fumaric acid (cf. Table I1). The nuclear magnetic 
resonance spectrum of this racemate differs from that of the 
product of the enzymatic stereospecific hydration of fumaric acid 
in D.O (39, 40); the coupling constant, however, is similar to that 
obtained with 3-monodeutero-p-malic acid prepared by inversion 
at the a carbon of 3-monodeutero-L-malic acid synthesized enzy- 
matically (39). The product of the enzymatic hydration of 
fumaric acid in D,O must therefore be designated as OH-(at), 
deuterium-(8p)-malic acid! and could only have arisen by a 
trans mechanism of addition (cf. Table 11). The trans nature of 
the fumarase reaction was predicted from the experimental data 
reported in the present study by considering the theoretical 
implications of the known stereochemical restrictions imposed 
by the aconitase reaction. This deduction now appears to have 


re- 
N 
way 
de- 
Im 
e 
le 
a 
e 


been confirmed by the recently published synthetic evidence 


1516 


(39, 40). 
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It has been proposed (1-3) that reduced diphosphopyridine 
nucleotide is oxidized in rat liver mitochondria by two path- 
ways: one coupled to phosphorylation and inhibited by anti- 
mycin A and Amytal, and a second not coupled with phos- 
phorylation and insensitive to those inhibitors. The pathways 
differ in the carriers involved and two different reductases have 
been postulated (1). Cytochrome b was shown to be active 
in the phosphorylating pathway (4, 5). 

One of us (6, 7) has isolated and purified from pig liver a 
cytochrome with an a-peak, in the reduced state, at 556 muy, 
as well as a specific reduced diphosphopyridine nucleotide-reduc- 
tase for this cytochrome. The cytochrome was shown to be 
identical to cytochrome bs, and both cytochrome and reductase 
extracted from the pig liver mitochondrial fraction were ob- 
tained by the standard isotonic sucrose fractionation method 
(8). Experiments will be reported here on the reduction and 
oxidation of cytochrome bs; by mitochondria, which may sug- 
gest its role in the nonphosphorylating pathway which is in- 
sensitive to antimycin A and Amytal. 


EXPERIMENTAL PROCEDURE 


Mitochondria—Rat liver mitochondria were isolated in iso- 
tonic sucrose, containing 10-* m ethylenediaminetetraacetate, 
by the usual procedure (9), washed twice, and resuspended in 
sucrose. Cytochrome c was removed from the mitochondrial 
fraction by washing successively with water, 0.9% sodium chlo- 
ride, and water (10). 

Enzymes—Cytochrome bs and its reductase were obtained 
from pig liver as previously described (6, 7). In the large 
scale preparations of cytochrome b; two steps were introduced: 
hemoglobin was removed from the crude ethanol extract by 
adsorbing the cytochrome at pH 6 in diethylaminoethy] cellu- 
lose and eluting in 0.25 m phosphate buffer pH 7; traces of 
reductase in the purified cytochrome were inactivated by ir- 
radiation at 0° for 1 hour with a short-wave Mineralight V-41. 

Spectrophotometry—Spectrophotometric measurements were 
performed in a Cary model 14 recording spectrophotometer, 
equipped with a slide-wire for 0 to 0.1 optical density unit. 
This technique permitted a spectrum to be made, even of tur- 
bid suspensions, with an accuracy of about 0.001 optical den- 
sity unit. Cytochrome b; oxidation and reduction were fol- 
lowed at 423 mu. To record difference spectra, solid reagents 
were added to minimize errors due to light scattering. The 
graphs presented were redrawn from the actual records. 

Reagents—DPNH, DPN, ADP, and cytochrome c are those 


available from Sigma Chemical Company. Sodium $-hydroxy- 
butyrate was prepared from the ethyl ester, obtained from 
Eastman Kodak Company. Amytal was a gift from Lilly Re- 
search Laboratories, and antimycin A was obtained from Wis- 
consin Research Alumni Foundation. 2-n-Nonyl-4-hydroxy- 
quinoline N-oxide was prepared in our laboratory (11). 


RESULTS 


Reduction of Cytochrome bs by Rat Liver Mitochondria—Fig. 
1 shows typical experiments of reduction of added cytochrome 
bs by mitochondria, in the presence of cyanide to block cyto- 
chrome oxidase. The reduction of the cytochrome occurs with 
DPNH as electron donor (Fig. la). $8-Hydroxybutyrate sub- 
stitutes for DPNH only in the presence of added DPN (Fig. 
1b). By adding ADP (Fig. Ic) to the system which already 
contains phosphate and magnesium, therefore, establishing 
phosphorylating conditions, one cannot observe the reduction 
of cytochrome bs by 8-hydroxybutyrate. ADP does not in- 
terfere with the reduction of cytochrome 6; with DPNH as 
electron donor. These results suggest that cytochrome bs re- 
ductase in intact mitochondria is accessible to DPNH or to 
external DPN, reduced by mitochondrial dehydrogenases only 
in nonphosphorylating conditions (ADP limiting). 

Oxidation of Cytochrome bs by Rat Liver Mitochondria—As 
shown in Fig. 2, enzymatically reduced cytochrome 8; is rapidly 
oxidized by mitochondria, the reaction being inhibited by cya- 
nide. This oxidation requires cytochrome c, as shown by the 
fact that washed mitochondria reoxidize only cytochrome bs | 
in the presence of added cytochrome c. 

Difference Spectrum—Fig. 3 shows the difference spectrum of 
the mitochondrial fraction. Both cells contain rat liver mito- 
chondria in the anaerobic state, obtained by oxidation of added 
B-hydroxybutyrate. In addition, the experimental cell con- 
tains DPNH. The spectrum recorded is due to a component 
reduced by DPNH, but not by 8-hydroxybutyrate in phos- 
phorylating conditions. Its bands are those expected for cy- 
tochrome bs, as previously reported by Chance and Williams 
(12). 

In the presence of Amytal, no cytochrome peaks are visible 
after the addition of B-hydroxybutyrate because of inhibition 
at the flavoprotein level (2, 3). On addition of DPNH one 
can see the bands of reduced cytochromes (a-ds, c, bs) and flavo- 
protein as shown in Fig. 4. 

A similar experiment was carried out with 2-n-nonyl-4-hy- 
droxyquinoline N-oxide. The dashed curve in Fig. 5 shows the 
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Fic. 1. Reduction of cytochrome b; by rat liver mitochondria. Curve a, no ADP present, 5 umoles of DPNH added at 0 time. 
The system contains in 1 ml: 50 wmoles of potassium orthophos- Curve b, no ADP present, 5 umoles of sodium 8-hydroxybutyrate 
phate buffer pH 7.1, 0.5 umole of potassium cyanide, 0.3 umole of added at 0 time, 2 wzmoles of DPN at 1 minute. Curve c, ADP 
magnesium chloride, 3 mumoles of cytochrome bs, 10 wmoles of present, 5 wmoles of sodium 8-hydroxybutyrate added at 0 time, Fi 
ADP and freshly prepared mitochondria (100 wg of protein). 2umoles of DPN at 1 minute, and 5umoles of DPNH at 2 minutes. sont 
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Fic. 2. Oxidation of cytochrome b; by rat liver mitochondria. 


The reaction mixture contains in 1 ml: 50 wmoles of potassium 
orthophosphate buffer pH 7.1, 6 mumoles of cytochrome bs, 1 ug 
of purified DPNH-cytochrome b; reductase (specific activity 65), 
and 6 umoles of DPNH; 100 ug of mitochondrial protein were used. 
Curve a shows the reoxidation of cytochrome b; after the addition 


difference spectrum after addition of sodium 8-hydroxybutyrate 
to the experimental cell. The spectrum of reduced cytochrome 
b appears to be caused by interruption of the electron trans- 
port chain at this level (4). On further addition of DPNH 
(continuous curve) the bands of cytochromes appear, and at 
the same time, there is observed a decrease of optical density 
owing to the reduction of a flavoprotein not reduced previously 
by 8-hydroxybutyrate. Similar results were observed with an- 
timycin A. 


DISCUSSION 


Chance and Williams (12) first detected in rat liver mito- 
chondrial preparation a hemeprotein not related to 6-hydroxy- 
butyrate oxidation coupled with phosphorylation. Two main 
hypotheses were put forward to account for these results: the 
presence of a denatured hemeprotein or of cytochrome b;. As 
shown by Chance and Williams, and confirmed here, at least 
part of this hemeprotein is reducible by DPNH, and the dif- 
ference spectrum is indistinguishable from that of cytochrome 
bs. Because this hemeprotein is enzymatically active, and con- 


of mitochondria. Curve b was obtained by adding at the arrow 
water-0.9% sodium chloride-, water-washed mitochondria. Atthe 
second arrow 0.5 mumole of cytochrome c was added. Curve c 
was obtained by adding at the arrow normal mitochondria in the 0 
presence of 0.5 umole of potassium cyanide. 


sidering that cytochrome 6b; can be isolated from a similar fo) 
preparation of pig liver (8), the hypothesis that this material 
is entirely denatured hemeprotein can be ruled out. 

The presence of cytochrome 6; has been ascribed to micro- 
somal contamination. of the mitochondrial fraction (12). As 
compared to 77 mumoles per g of microsomal protein, 53.5 
mymoles of cytochrome bs; were extracted per g of pig liver mi- 
tochondrial protein. If it is assumed that this is due to con- 
tamination, about 70% of the mitochondrial fraction would be 
made up of microsomes; however, this possibility may be ruled 
out on the basis of the ribonucleic acid concentration, which sug- 
gests only a 15% contamination (8). 

The amount of cytochrome b; present in rat liver mitochon- 
drial fraction (from the data shown in Fig. 3, with the use 
of a differential millimolar extinction coefficient of 112.1 em™ I 
< mm?) is 60 mumoles of cytochrome per g of protein, a value na 
close to that for pig liver. Chance and Williams (12) found Da: 
a change in optical density at 427 and 405 my by adding DPNH but 
to rat liver mitochondria, of 0.03 per cm per mg of N, which, , 
with a differential millimolar extinction coefficient of 124 cm™ 
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Fic. 3. Difference spectrum of rat liver mitochondria. Cells 
contain in 1 ml: 100 wmoles of potassium orthophosphate buffer 
pH 7.1, 100 zmoles of ADP, 10 umoles of magnesium chloride, 0.8 
ml of mitochondrial suspension in 0.25 m sucrose (5 mg of protein). 
After the initial balance a ‘‘knifepoint’’ of sodium #-hydroxy- 


butyrate and DPNH was added to the experimental cell and 
s-hydroxybutyrate to the blank cell. : 


047 


a 


450 500 550 600 MAL 
Fic. 4. Effect of 10-? m Amytal on the difference spectrum of 
rat liver mitochondria. The system is similar to that of Fig. 3. 
Dashed line represents the difference spectrum of 8-hydroxy- 
butyrate reduced mitochondria with oxidized mitochondria as 


blank. The continuous curve shows the effect of adding DPNH 
to the experimental cell. 


I. Raw, N. Petragnani, and O. C. Nogueira 


SOO MA 02} 


1519 


Oo 


° 


vo) 


450 


500 550 600 mu 

Fia. 5. Effect of 2 X 10-5 m 2-n-nonyl-4-hydroxyquinoline N- 
oxide on the difference spectrum of rat liver mitochondria. The 
system is similar to that of Fig. 3. Dashed curve represents the 
difference spectrum of 8-hydroxybutyrate-reduced mitochondria 
minus oxidized mitochondria. Continuous curve is the same spec- 


trum obtained after the addition of DPNH to the experimental 
cell. 


< m7, as calculated from the spectrum of pure cytochrome 
bs (6), represents 38 mumoles per g of protein. 

Devlin (13) has shown that phosphorylating particles pre- 
pared by digitonin treatment contain a hemeprotein not re- 
ducible by §-hydroxybutyrate. On reduction by hydrosulfite 
a difference spectrum was obtained similar to that of cytochrome 
bs. If one assumes that it is cytochrome b;, its content in 
the particles would be 590 mymoles per g of protein. We 
repeated the same experiment, replacing, however, hydro- 
sulfite with DPNH. The same difference spectrum was ob- 
served and 230 mumoles of enzymatically reducible cytochrome 
were found per g of protein. Because the digitonin treatment 
resulted in about 5-fold purification of the 8-hydroxybutyrate 
oxidation system, and the enzymatically reducible cytochrome 
bs content increased markedly, it is doubtful that its origin is 
nonmitochondrial. 

In favor of the presence and function of cytochrome 6; in 
liver mitochondria one can add the reduction and oxidation 
of external cytochrome b;. The reduction is the slower reac- 
tion accounting for 3 mumoles of cytochrome 6; per minute 
per mg of protein. This hypothesis can be corroborated by 
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the distribution of a cytochrome 6; reductase, characterized by 
a high sensitivity to Dicumarol, in the mitochondria (86% 
found in this fraction) (7). 

Unless future experiments refute the present hypothesis, oxi- 
dation of external DPNH can be assumed to occur in liver 
mitochondria at least partially through cytochrome b;. This 
assumption would explain DPNH oxidation of liver mitochon- 
dria (2) which is insensitive to Amytal and antimycin A in 
contrast to heart particles (14). As both phosphorylating and 
nonphosphorylating pathways would share cytochrome c and 
cytochrome oxidase one would expect for DPNH oxidation a 
P:O ratio under 1, and this has been verified (15). 


SUMMARY 


Rat liver mitochondria can reduce added cytochrome b; with 
reduced diphosphopyridine nucleotide (DPNH) as electron do- 
nor. §-Hydroxybutyrate plus DPN replaces DPNH in the 
absence of adenosine diphosphate, but not under phosphorylat- 
ing conditions. 

By differential spectroscopy, cytochrome bs was detected in 
the mitochondrial fraction, since it is reducible by DPNH but 
not by 6-hydroxybutyrate in phosphorylating conditions. Amy- 
tal, antimycin A, and 2-N-nonyl-4-hydroxyquinoline N-oxide 
inhibited the reduction of mitochondrial cytochromes c and a- 
a; by B-hydroxybutyrate, but not by DPNH. 

Evidence for the normal presence of cytochrome bs in liver 
mitochondria is discussed, as well as its relation to the non- 
phosphorylative pathway for DPNH oxidation which is insen- 
sitive to antimycin A and Amytal. 


Oxidation and Reduction of Cytochrome bs 
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It has been established by a number of investigators that defi- 
nition of the pH optimum (in addition to the temperature and 
the concentration of the substrate and the enzyme) without 
specification of the ion species or its activity does not fully char- 
acterize an enzyme reaction. For example, as early as 1934, 
Howell and Sumner (1) showed that the pH optimum of urease 
activity was dependent on the composition of the buffer: being 
6.4 in acetate buffer, 6.5 in citrate buffer, and 6.9 in phosphate 
buffer when the concentration of the substrate was 2.5%. Gil- 
bert and Swallow (2) in 1949 noted that the pH optimum for Q 
enzyme activity was dependent on the ionic strength of the me- 
dium. More recently, Massey (3) has suggested that the effect 
of the ion on the pH optimum of fumarase may be explained in 
terms of an alteration of the dissociation constants of the groups 
which determine the activity of the enzyme. 

Although many investigators (4-16) have studied the activity 
of cytochrome oxidase, and have realized that the concentration 
of the buffer or of added salts influences the rate of the reaction, 
only one group has emphasized the relationship of the ionic con- 
centration to the pH. In 1951, Wainio et al. (17) found that the 
pH optimum shifted successively to a lower pH value as the mo- 
larity of the buffer was increased from 0.033 to 0.083 and then 
to 0.100 when studying the rate of oxidation of ferrocytochrome 
c by a partially purified preparation of cytochrome oxidase in air. 
It was realized later that the optimum for the cation concentra- 
tion was independent of the pH and even later that the optimum 
might be a function of the charge on the cation. Accordingly, 
a more detailed study was instituted; the ion optimum was 
studied at 6 pH values and the pH optimum at seven concentra- 
tions of the buffer. In addition, the influence of the charge car- 
ried by the cation was investigated. 


EXPERIMENTAL 


The cytochrome oxidase preparations containing sodium de- 
oxycholate were made from beef heart as previously described 
(18,19). They were either “‘Preparations 2-3” which were used 
throughout the study of pH and ion optima or “Preparations 
2-2.2”” which were used in the study of the charge on the cation. 


* Supported in part by a grant from the New Jersey Heart As- 
sociation. 

Presented in part at the Annual Meeting, American Chemical 
Society, New York, September 1957. 

t Present address, Institute of Stomatological Research, Sias 
Research Laboratories, Brooks Hospital, Brookline, Massachu- 
setts. 

{ Present address, Biology Department, Brown University, 
Providence 12, Rhode Island. 


The cytochrome c was either in a solution containing 10 mg of 
enzyme per ml (Wyeth, Inc., 75% pure, based on dry weight, 
with 0.01% of sodium ethylmercurithiosalicylate as a preserva- 
tive) which was used in the study of pH and ion optima, or a 
lyophilized preparation (Sigma Chemical, 66% pure) which was 
used in the study of the charge on the cation. 

The buffers were prepared from Merck reagent grade KH:PO, 
and NazHPOQ,, and the cations present in the studies of pH and 
ion optima were always the 2 monovalent ions, K+ and Na*, in 
varying proportions. The studies involving the effect of the 
individual cations were made with the chlorides of these cations. 

The determination of cytochrome c oxidase activity was made as 
previously described (17). The variations in activity found from 
experiment to experiment can be attributed to the use of different 
preparations of cytochrome oxidase. It is to be noted that the 
system under study consists of ferrocytochrome c — cytochrome 
oxidase! — oxygen. 


RESULTS AND DISCUSSION 


In the first experiments the pH optimum was determined at 
seven molarities of the phosphate buffer: 0.010, 0.025, 0.050, 
0.075, 0.100, 0.150, and 0.200. As can be seen in Fig. 1 the effect 
of the increasing concentration of ions was greater on the acidic 
dissociation constant or constants, t.e. the increase in k with in- 
creasing molarity of buffer was much greater at pH 6.0 than at 
pH 7.0. The consequence was that the pH optimum shifted to 
a lower value as the molarity of the buffer was increased from 
0.010 to 0.100. Above 0.100 m buffer (Fig. 2) the pH optimum 
remained constant, presumably because the ionization of both 
the acidic and basic group (or groups) was suppressed to the same 
degree. The effect on the pH optimum is illustrated in Fig. 3 
where the pH optimum on the ordinate is plotted against the 
molar concentration of the buffer on the abscissa. Apparently 
at low concentrations of buffer, <0.100 m, the dissociation con- 
stant or constants of the groups which bind protons, and 
which in part at least determine the activity of the system, are 
being altered by the changing concentration of the buffer. At 
high concentrations of buffer, 7.e. >0.100 mM, the effect has be- 
come maximal and further increases in the concentration of the 
buffer have no effect. 

Since the pH optimum was shown to be dependent on the con- 
centration of the buffer below 0.100 m, it was necessary to study 


1 Cytochrome c oxidase is identified as the enzyme or enzymes 
oxidizing ferrocytochrome c, being oxidized by molecular oxygen, 
and with maxima in its absorption spectrum in the reduced state 
at 442 to 445 my and at 603 to 605 mu. 
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Fic. 1. Velocity constant (sec.~!) of cytochrome c oxidase ac- 


tivity as a function of pH at five molarities of buffer. 
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Fic. 2. Velocity constant (sec.~') of cychrome c oxidase activity 
as a function of pH at three molarities of buffer. 


the buffer optimum at six pH values: 5.8, 6.2, 6.6, 7.0, 7.4, and 
7.8. As can be seen in Fig. 4, the molar concentration of the 
buffer optimum falls as the pH rises from 5.8 to 7.8. This rela- 
tionship was further analyzed by plotting the velocity constants 
as functions of the total ionic strength, the anionic strength, the 
cationic strength, and the cation molarity. From these data it 
is not quite possible to determine whether the optima are con- 
stant at one value of the total ionic strength (Fig. 5) or at one 
value of the cation molarity or cationic strength (Fig. 6), al- 


Cytochrome c Oxidase 


Vol. 235, No.3 
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Fic. 3. pH Optimum of cytochrome c oxidase activity as a func. 
tion of the molarity of the buffer. 
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Fig. 4. Velocity constant (sec.~!) of cytochrome c oxidase ac- 
tivity as a function of the molarity of the buffer at six pH values. 


though the last seems most likely. Both the cation molarity 
(upper abscissa) and the cationic strength (lower abscissa) are 
given in Fig. 6 because when monovalent cations are used the 
cation molarity is twice the cationic strength. The optimum is 
either at 0.136 ionic strength or at 0.112 m monovalent cation or 
0.056 cationic strength. It is to be noted that the same results 
have been obtained with homogenates of several rabbit tissues,’ 
with a mitochondrial preparation made from beef heart? and with 
an homogenate of whole sun flower leaf (20). 

Our next step was to determine whether this effect of the ions 
was a function of the cation or more specifically a function of 
the charge on the cation, and whether the optimum was influ- 
enced by the presence of a particular cation species. The recent 
report of Estabrook (21), which is available only in abstract form, 
to the effect that the activity of added cytochrome c in a c-de- 
ficient succinoxidase system decreases with increasing salt con- 
centration and is dependent only on the nature of the cation 


2 Unpublished data. 
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charge may explain the decrease in activity as the cation is in- 
creased above 0.112 mM. Monovalent cations as chlorides (0.076 
u cation) were added to a 0.033 m NazsHPO.-KH.PO, buffer, pH 
6.0 (0.036 M cation) to bring the total cation concentration to 
0.112 m. All of the cations, Lit excepted (Table I), raised the 
activity approximately to that obtained with 0.100 mM Na2HPO,- 
KH.PO, buffer, pH 6.0 (0.112 m cation). When LiCl] was stud- 
ied alone at several concentrations it was found (Fig. 7) that the 
optimum was at 0.112 m Lit to give a total cation concentration 
of 0.152 mM. This result may perhaps be explained as the binding 
of Lit by noncatalytic sites, and is supported by the observation 
that Lit appears to be bound more strongly by some proteins, 
e.g. phosphoproteins, than is Na* (22). 

Divalent cations as chlorides were added at a concentration of 


0.019 m to give a total cation concentration of only 0.055 . 


This concentration of the divalent cations is one-fourth the con- 
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TOTAL 10NIC STRENGTH 


Fic. 5. Velocity constant (sec.~!) of cytochrome c oxidase ac- 
tivity as a function of the total ionic strength at six pH values. 
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_Fia. 6. Velocity constant (sec.~!) of cytochrome c oxidase ac- 
tivity as a function of the cation molarity (upper abscissa) or of 
the cationic strength (lower abscissa) at six pH values. 


1523 
TABLE I[ 
Effect of monovalent cations 
Cation Relative activity 
0.036 m Nat-K* + 0.076 mM Na*.................. 95 
0.036 Mm Na*-K* + 0.076 m K*....... 100 
0.036 m Nat*-K* + 0.076 m 80 
0.036 m Na*-K* + 0.076 m Rb*.................. 101 
0.036 m Nat-K* + 0.076 m Cs*.................. 95 
0.036 m Nat-Kt + 0.076 m NHg.............. 100 


* Actual activity was 19.9 X 107% sec”. 
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Fig. 7. Velocity constant (sec.-') of cytochrome c oxidase ac- 
tivity as a function of the molarity of LiCl. 


TABLE II 
Effect of divalent cations 
Cation Relative activity 
0.036 mM Na*-K* + 0.019 mM Mg**.... 67 
0.036 m Na*-K* + 0.019 Mm Ca**. 61 
0.036 m Nat-K*t + 0.019 mM 72 
0.036 Mm Na*-K* + 0.019 mM 24 
0.036 m Na*-K* + 0.019 mM | 21 
0.036 m Na*t-K* + 0.019 mM | 20 


* Actual activity was 22.6 X 1073 see. 


centration of the monovalent cations which were added. It was 
expected that the activity would be a function of the charge on 
the cation. The best activities were obtained with Mg** and 
Sr++ which raised the activity to about 70° of maximum (Table 
Il). The Mg** ion was studied at several concentrations (Fig. 
8) and it was found that the optimum was, as expected, at 0.019 
M. The failure of any one of these divalent cations to activate 
maximally is probably a reflection of binding at some sites other 
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Fig. 8. Velocity constant (sec.~!) of cytochrome c oxidase ac- 
tivity as a function of the molarity of MgCle. 
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Fia. 9. Velocity constant (sec.~') for the oxidation of ferrocyto- 
chrome c in air (without cytochrome c oxidase) as a function of the 
molarity of AlCl;. 


than the “active” site either to decrease the concentration of free 
cation or to inhibit the activity of the enzyme. However, it may 
also be a function of the lower anion concentration. The pos- 
sibility of an inhibition is supported by the fact that Mn++, Nit*+, 
and Co++ lower the activity of the 0.036 m Nat-K+ control. 

The trivalent cation, Al+++, and the tetravalent cation, Sn++++ 
(both as chlorides), were first added at concentrations of 0.0086 
m and 0.0049 m, respectively, in the expectation that they would 
act as activators of the oxidation of ferrocytochrome c by cyto- 
chrome oxidase. However, both of these ions accelerated the 
complete oxidation of ferrocytochrome c without the addition 
of cytochrome oxidase. AICI; caused complete oxidation in 
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about 4 minutes, whereas SnCl, led to the oxidation of the 
ferrocytochrome c before a reading could be taken on the spec. 
trophotometer. Accordingly, the effects of these salts were 
studied at several concentrations of each. AICls accelerated 
the oxidation of ferrocytochrome c at concentrations above 0,004 
m and the first order velocity constants were found to be pro- 
portional to the molar concentration of the salt (Fig. 9). Sn, 
accelerated the oxidation of ferrocytochrome c at concentrations 
above approximately 0.0022 m (obtained by extrapolation to 
zero activity) and the first order velocity constants were pro- 
portional to the molar concentration of the salt (Fig. 10). The 
capacity of AlCl; to enhance the oxidation of cytochrome ¢ 
may explain the activating effect of this salt on the succinoxi- 
dase system, first reported by Horecker et al. (23). 


SUMMARY 


1. The pH optimum for the oxidation of ferrocytochrome ¢ 
by cytochrome c oxidase in air has been determined at seven 
molarities of KH2PO.-Na2zHPO, buffer (0.010 to 0.200 m). Up 
to 0.100 m the activities increased with increasing concentra- 
tion of buffer, and the effect was greater on the acid side of 
the pH optimum. Consequently, the pH optimum shifted to 
a lower value as the molarity of the buffer increased. Above 
0.100 m buffer the activities decreased with increasing concen- 
tration of the buffer and the pH optimum was constant at 
6.0. 

2. The buffer optimum was studied at six hydrogen ion con- 
centrations (pH 5.8 to 7.8). Although the optimum in terms 
of the molarity was found to increase with decreasing pH, the 
optimum in terms of the ionic strength or cation concentration 
(or cationic strength, since these were monovalent cations) was 
found to be independent of the pH. The optimum as deter- 
mined was at 0.136 ionic strength, or at 0.112 m monovalent 
cation or 0.056 cationic strength. 

3. It has been concluded from studies with several monova- 
lent and three divalent cations that the effect of the cation is 
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Fia. 10. Velocity constant (sec.~!) for the oxidation of ferro- 
cytochrome c in air (without cytochrome c oxidase) as a function 
of the molarity of SnCl,. 
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a function of its charge. However, it should be noted that 
Mn++, Nit*+, and Co*+ were slightly inhibitory. 

4. AlCl; (above 0.004 m) and SnCl, (above 0.0022 m) accel- 
erated the oxidation of ferrocytochrome c in air in the absence 
of cytochrome c oxidase. The first order velocity constants 
were directly proportional to the molar concentration of the 
salt. The effect of AlCl; on the oxidation of ferrocytochrome 
¢ may explain the effect of this salt on the activity of the suc- 
cinoxidase system. 
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Evidence has previously been presented that dihydroorotic 
dehydrogenase from Zymobacterium oroticum (1) is a flavoprotein 
(2). The present paper describes a procedure for crystallizing 
the enzyme as a globulin. Data are also presented to show that 
the protein crystals contain about one atom of iron per molecule 
of flavin, and that the flavin consists of both flavin mononucleo- 
tide and flavin adenine dinucleotide, present in equimolar pro- 
portions. The bleaching of the flavin by the substrates and some 
other properties of the enzyme will also be described. 


EXPERIMENTAL 


Materials—Z. oroticum was the same as that previously used 
(2). Orotic acid and DPNH were obtained from Sigma Chem- 
ical Company. Protamine sulfate, lipoic acid (dl-thioctic acid), 
and 5-methyl orotic acid were obtained from Nutritional Bio- 
chemicals Corporation. Glass beads (‘‘SSuperbrite” No. 100, 
diameter 0.2 mm) were obtained from the Minnesota Mining and 
Manufacturing Company. Other materials were the same as 
previously described (2). 

Methods—Flavins were determined by the method of Bessey 
et al. (3) and Burch (4). In addition, FAD was determined en- 
zymatically with the apoenzyme of p-amino acid oxidase (3, 5), 
and FMN! was estimated in an analogous manner with the 
apoenzyme of pneumococcal lactic oxidase (6). FAD and FMN 
were also determined chromatographically as described in the 
following paper (7). 

Iron was determined colorimetrically with o-phenanthroline, 
according to the directions of H. Beinert.2 The crystalline en- 
zyme was dissolved in 0.1 Mm NazSQ, or in 0.2 M ammonium 
formate before digestion with nitric acid. Blank and standards 
were taken through the entire process applied to the samples. 
Molybdenum was determined with thiocyanate-stannous chloride 
(8) and copper, with dithiocarbamate (Sandell, (8) Procedure I). 

Assay of Enzyme—The enzyme was assayed essentially as 
previously described (2), except that MgCl: was omitted from 
the reaction mixture, more buffer was used, and the preincuba- 
tion of the enzyme with cysteine was prolonged. ‘The reaction 
mixture for the assay contained 400 yzmoles of sodium phosphate 
buffer of pH 6.5, 20 umoles of freshly dissolved cysteine hydro- 
chloride, 6 wmoles of sodium orotate, enzyme, and 0.35 ywmoles 


* Supported by grants from the American Cancer Society, Illi- 
nois Division (No. P-63A), and from the National Institute of 
Arthritis and Metabolic Diseases, United States Public Health 
Service (No. A-891). 

t Present address, McCollum-Pratt Institute, The Johns Hop- 
kins University, Baltimore, Maryland. 

1 The abbreviation used is: FMN, flavin mononucleotide, ri- 
boflavin monophosphate. 

2 We are indebted to Dr. H. Beinert for an unpublished copy of 
these instructions. 


of DPNH in a final volume of 3.0 ml. The additions were 
made in the order indicated, and the enzyme was incubated for 
10 minutes at 20° with the cysteine-containing reaction mixture 
before the reaction was started by addition of DPNH. 

The omission of MgCl: was justified by the demonstration that 
this reagent had no effect on the reaction rate until the termina] 
stages of the oxidation of the DPNH and, even there, its effect 
was small. Lieberman and Kornberg (1) also reported that 
MgCl, affected mainly the later stages of the reaction. The in- 
creased time of exposure of the enzyme to cysteine was necessary 
mainly when the more highly purified enzyme was assayed. 
The response of the enzyme to cysteine is discussed in more 
detail in a later section. A unit of enzyme activity is defined ag 
that amount which causes the oxidation of 1 mumole of DPNH 
per minute in the asssay system at 20°. No correction was 
made for the rate of oxidation of DPNH in the absence of added 
orotate, for the reasons previously given (2). 


Preparation of Crystalline Enzyme 


Growth of Bactert1a—For preparation of the enzyme, Z. oroticum 
was grown on a medium containing, per 100 ml: 2 g of Bacto- 
trypton (Difco), 0.4 g of orotic acid, 0.1 g of sodium thioglycolate, 
0.15 g of NasPO,-12Hz), 0.1 g of NaOH and 1.5 mg of riboflavin. 
The pH was 7.9. The amount of orotate was more than sufficient 
to saturate the solution and a layer of solid orotic acid remained 
at the bottom of the flasks after autoclaving. Some of this could 
be brought into solution by gentle swirling of the hot flasks. 
The above medium resembled that recommended by Lieberman 
and Kornberg (1), and used in our previous studies (2), except 


that the pH was higher, riboflavin was substituted for yeast 


extract, and there was more orotate. In some later experiments 
good growth was obtained without added riboflavin in the me- 
dium, but this was not always the case. The tryptone was also 
found to contain flavin, so that it is not certain at present 
whether or not the organism itself can synthesize riboflavin. 

The bacteria were grown at about 30° as previously described 
(2), and were harvested by centrifugation as soon as growth was 
complete. The yield was about 4 to 5 g wet weight of bacteria 
per liter of culture. This was almost twice the yield of bacteria 
previously obtained with half the amount of orotate in the cul- 
ture medium (2). 

Preparation of Extract—The cells were disrupted by grinding 
with acid-washed glass beads (9) in a Waring Blendor.* This 
was done immediately after harvesting. The paste from 22 
liters of culture (100 g wet weight) was washed into about 300 g 
of chilled beads with approximately 50 ml of 0.05 m sodium phos- 
phate buffer, pH 6.5. The glass container of the Blendor was 


3 We are indebted to Steven B. Zimmerman for the details of the 
procedure. 
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gurrounded by tubing through which ice water was circulated, 
and the temperature was not permitted to exceed 39°. Disrup- 
tion of the cells could be detected by a marked change in the 
consistency of the suspension. This generally required about 15 
minutes of blending with the rheostat set at two-thirds of maxi- 
mum. After disruption of the cells, an additional 100 ml of 
phosphate buffer were added, the suspension was stirred gently 
for 2 minutes, the beads were allowed to settle, and the super- 
natant was decanted. It was of advantage to collect and centri- 
fuge down foam which had formed during the disintegration. 
Fresh buffer was added and the stirring and decanting were re- 
peated three times with decreasing amounts of buffer, to give a 
fnal volume of about 350 ml of extract. The combined extracts 
were cleared of solids by centrifugation, and the fractionation 
was begun as soon as possible. Table I contains a summary of 
the results. 

There was a considerable increase in the amounts of enzyme 
and the specific activities of the first crude extracts over those 
previously obtained (2), mainly because of better conditions of 
growth and adaptation of cells on the modified medium, but also 
because disruption of the cells with glass beads gave less soluble 
protein than was obtained by ultrasonic disintegration of an 
equivalent amount of bacteria. The specific activity of the first 
crude extract reported in Table I was 13 times greater than that 
reported previously (2). Small scale experiments suggested that 
even higher specific activities could be obtained initially, but at 
times somewhat lower values were also observed (cf. (7)). The 
fractionation procedure described below has consistently resulted 
in a crystalline preparation. Unless otherwise noted, all steps 
were carried out with chilled reagents at about 0—-5°. 

Step I. First Protamine Treatment and Ammonium Sulfate 
Precipitation—In this and in the following treatment with pro- 
tamine sulfate, the optimal amount of the reagent was that which 
sufficed to give near maximal precipitation. This amount was 
determined by the addition of increasing amounts of protamine 
to small aliquots of the enzyme solution. The samples were 
cleared by centrifugation, and the supernatants were treated 
with more protamine to determine whether more precipitate was 
formed. 

If protamine sulfate is added to the first bacterial extract, the 
enzyme is precipitated along with nucleic acid, as described by 
Lieberman and Kornberg (1). The present procedure involved 
addition of NaCl to permit precipitation of nucleic acid without 
coprecipitation of the enzyme. NaCl was added to bring the 
concentration to 0.4 M. This was followed by addition of suf- 
ficient 1% protamine sulfate in 0.4 Mm NaCl until further addition 
gave little extra precipitate. About 0.4 to 0.5 volume of the 
protamine sulfate solution was required. Excess was avoided. 
After 10 minutes, the white precipitate was removed by centrif- 
ugation, and 29.5 g of ammonium sulfate were added for each 
100 ml of the yellow, slightly turbid supernatant solution. After 
30 minutes, the slimy precipitate was completely removed by 
centrifugation. To the clear yellow supernatant solution, 9 g 
of ammonium sulfate were added for each original portion of 
29.5 g. A yellow precipitate containing the enzyme separated 
out in fine floccules after about 30 minutes. At this stage the 
material was usually allowed to stand overnight in the cold. 
The precipitate was collected by centrifugation and extracted 
with 0.2 Mm sodium phosphate buffer, pH 5.8. Several portions 


of buffer were used to give a final total volume about one-tenth 
that of the original crude extract. The extraction removed all 
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TABLE I 
Purification of dihydroorotic dehydrogenase 


Volume* | Protein | | Yield 
ml me | units | unils mg A 

Cell-free ex- | 

tract 700 4240 2,700,000 654 
70 826 1,580,000 1,920 57 
Step II....... 83 270 1,110,000 4,190 40 
Step III 

(crystals). .. 30.2 535, 000 17,700 19 


* In this particular preparation, cells were harvested from 44 
liters of bacterial culture. 


vellow pigment but left a white, less soluble residue which was 
discarded after the centrifugation. 

Step II. Second Protamine Treatment and Precipitation by 
Dialysis—The clear vellow solution was treated with aqueous 
protamine sulfate to remove a small additional amount of nu- 
cleic acid. This treatment gave no detectable increase in purity, 
and the amount of precipitate obtained was often small, but the 
step was necessary for success of subsequent procedures. When 
the solution was dialyzed overnight against several changes of 
cold distilled water, a bulky vellow precipitate was formed. The 
precipitate was collected by centrifugation and the enzyme was 
extracted from the precipitate with successive portions of 0.2 m 
sodium phosphate buffer, pH 5.8. To achieve adequate extrac- 
tion, the precipitate was repeatedly ground to a smooth paste 
with small portions of buffer (5 to 10 ml). The vellow pigment 
was used as a guide. When the eluates became colorless, ex- 
traction was stopped, and the bulky green-gray residue was 
discarded. 

Step III. Third Protamine Sulfate Treatment and Crystalliza- 
tion—The solution obtained in Step II had a volume about one- 
tenth that of the original extract. An equal volume of 1% pro- 
tamine sulfate solution was added to precipitate the enzyme, 
which was collected by centrifugation after 5 to 10 minutes in the 
form of an orange-yellow pellet. This precipitate was extracted 
with 5-ml portions of 0.2 m NaH2PO, until the eluate was only 
faintly colored. The combined eluates, decanted after centrif- 
ugation, were held at 20° for 1 hour and stored overnight at 
—15°. <A precipitate which remained after thawing and warm- 
ing to room temperature was removed by centrifugation. The 
enzyme crystallized from the solution after one or more days at 
4° in the form of fine needles. If necessary, the solution was 
diluted to a point where the light absorbancy at 450 my did not 
exceed 0.5, since the precipitate was often amorphous if crystal- 
lization was attempted from too concentrated a solution. About 
85% of the vellow pigment was recovered in the form of crystals. 
These could be washed with cold water. A small further puri- 
fication was achieved by extraction of the crystals with a small 
volume of 0.2 m phosphate buffer, pH 5.8. This extraction left 
a small amount of colorless residue which was removed by cen- 
trifugation. Recrystallization could be achieved by dialysis 
against water for 2 days or more. This resulted in a decrease 
(30 to 45%) in specific activity, and was avoided. The first crop 
of crystals was stored in the mother liquor at 4° for periods of 
over a month with little or no loss in activity. The yellow super- 
natant from the third protamine sulfate precipitation contained 
considerable amounts of enzyme which could be precipitated 
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Fic. 1. Crystalline dihydroorotic dehydrogenase 


by dialysis against water. A compact yellow pellet was obtained 
on centrifugation. Solution of the precipitate in 0.2 m sodium 
phosphate buffer of pH 5.8, precipitation of the enzyme by pro- 
tamine sulphate, and elution with 0.2 m NaH2PO,, gave a solution 
from which a further crop of crystals separated. The heating 
to 20°, followed by freezing and thawing, was not needed in this 
Case. 
Properties of Crystaliine Dihydroorotic Dehydrogenase 

Crystal Form and Sedimentation Behavior—Dihydroorotic de- 
hydrogenase crystallizes in the form of blunt needles (Fig. 1). 
They are colored orange-yellow, and their size varies with the 
time allowed for the crystallization process, from a length of 
about 0.02 to 0.25 mm. Solutions prepared from the crystals 
show one peak in the ultracentrifuge, with s,, = 8.28.4 The 


* These measurements were made by Dr. E. Goldwasser, who 


peak is associated with the yellow color which appears as the 
darker area in Fig. 2. The color is so intense that it is impracti- 
cal to work with more concentrated solutions. 

Spectrum and Flavin Content—The absorption spectrum of a 
solution of the crystalline enzyme is shown in Fig. 3. Although 
the positions of the maxima are similar to those previously re 
ported for a less pure solution, there has been a marked decrease 
in the ratio of the absorbancy in the ultraviolet to that in the 
visible region. The crystalline enzyme has absorbancy maxima 
at 273, 374, and 454 mu, with minima at 310 and 403 mp. The 
absorption band with a maximum at 454 my is clearly complex, 
with at least three well defined “shoulders.” The ratio of the 
maximal absorbancy at 273 mu to that at 454 my is about 3.7. 
This is considerably below the value of about 8 previously re 


will publish a more detailed description of the physical characteri- 
zation of the preparation. 
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ported, in: keeping with the fact that the crystalline material has 
a 4-fold higher specific activity calculated on a protein basis, 
than the preparation previously described. Solutions of the 
enzyme slowed no flavin fluorescence. 

The flavin content of the enzyme was determined by three 
quite different procedures, 2.e. (a) by the fluorimetric method of 
Bessey et al. (3), (b) by the use of apoenzymes specific for FAD 
and for F MN (5, 6), and (c) by the lumiflavin method of Yagi, 
combined with paper chromatography (7). All of these pro- 
cedures gave essentially the same answer, both for the total 
flavin content of the enzyme and for the amount of FMN and 
FAD present. Within the limit of accuracy of the methods, 
which is estimated to be at least as good as 410%, the crystal- 
line enzyme has been shown to contain equal amounts of FMN 
and FAD, and no other flavin. (The method of Bessey et al. 
gave 50% of each flavin, the specific enzyme methods gave 51% 
FAD and 49% FMN.) 

The crystals contained 32.2 mumoles of total flavin per mg of 
protein. This is equivalent to 1 mole of flavin per 31,000 g of 
protein. If one makes the assumption that each active center 
contains one molecule of each of the two flavins, the minimal 
combining weight is 62,000. This estimate is, of course, no 
more accurate than the procedure used for the determination of 
protein (10). The turnover number of the crystalline prepara- 
tion, based on the flavin, is 17,700/32.2 = 550, only slightly 


Fig. 2. Sedimentation pattern obtained in the model E Spinco 
ultracentrifuge. Solution contained 5 mg of protein per ml, in 
0.15 Mm sodium phosphate buffer of pH 7.3. Picture taken 48 min- 
utes after attainment of maximal speed (59,780 r.p.m.). T = 10°. 
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Fic. 3. Absorption spectrum. The solution contained 0.60 mg 
of protein per ml of 0.2 m phosphate buffer of pH 5.8. Light path, 
1 cm. Readings taken with a Beckman model DU spectropho- 
tometer. The insert shows the spectrum from 300 to 600 my drawn 
on a different scale. 


higher than the value of 470 previously reported. It is probable, 
as shown in the following paper, that most of the flavoprotein in 
extracts of the orotate-grown bacteria is dihydroorotic dehydro- 
genase. Thus, the turnover number, based on flavin, of the 
purified enzyme is not very different from the turnover number, 
based on flavin, of the crude extracts. 

The light absorbancy at 454 my was 0.561 for a solution con- 
taining 1 mg of protein per ml, with a light path of lem. Since 
1 mg of protein contained 32.2. mumoles of flavin, the millimolar 
extinction coefficient, én, at 454 mu was 17.4. This value is 
49% higher than the extinction coefficient of an equivalent 
amount of the free flavins, which would be expected to be 11.7 
(average of émy for FAD = 11.3; for FMN, 12.05 (11)). A 
similar discrepancy between the values for flavin as determined 
analytically and the extinction of the protein in the region of 
450 mu, was also noted previously with less pure preparations 
(2). 

Tron Content—Duplicate analyses of a sample which had not 
been recrystallized gave an average value of 1.24 umoles of iron 
per umole of flavin. Analysis in triplicate of another sample of 
recrystallized enzyme gave an average value of 0.91 umoles of 
iron per umole of flavin. These results suggest that there is one 
atom of iron bound per flavin. No attempt has vet been made 
to obtain evidence for the functional participation of the iron 
in the enzyme reaction, nor has the iron content of the prepara- 
tion been determined during the course of the purification. No 
significant amounts of molybdenum or of copper were present in 
the crystalline enzyme. 

Bleaching by Substrates—The vellow color of a solution of di- 
hydroorotie dehydrogenase was instantly bleached by the addi- 
tion of excess sodium hydrosulfite or DPNH. The absorption 
spectra of enzyme solutions before and after the addition of these 
reductants are shown in the upper part of Fig. 4. After redue- 
tion, the absorbancy at 454 mu amounted to about one-third of 
the absorbancy before addition of the reducing agents, but there 
was no trace of an absorption peak remaining at 454 my. The 
decrease in absorption at 454 my corresponds to that calculated 
from the measured flavin content, on the assumption that the 
flavin is completely reduced. The residual absorption of the 
reduced enzyme is perhaps due to the iron. 

The data of Fig. 4 were obtained under anaerobic conditions, 
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Fic. 4. Reduction of flavin by enzyme substrates and by hy- 
drosulfite. The spectra were scanned with a Cary model 11 re- 
cording spectrophotometer. Reactions were carried out in evac- 
uated Thunberg tubes with a light path of 1 cm, adapted to fit 
the spectrophotometer carriage. Solutions contained, per ml: 
enzyme containing 0.01 umole of flavin, 200 umoles of sodium phos- 
phate buffer of pH 6.4, and in the case of dihydroorotate, 1.8 
umoles of cysteine. The reducing agent was added from the side 
arm to give an initial concentration of 0.15 umoles of DPNH per 
ml, or 1.5 uwmoles of dihydroorotate per ml. The hydrosulfite was 
added as the solid sodium salt. 

Curve a was obtained as soon as possible after addition of 
DPNH. There was no further change in the light absorption 
over the course of the next 10 minutes. Curve 6 was obtained 
about 5 minutes after addition of hydrosulfite. The first tracing 
obtained as soon as possible after hydrosulfite addition was al- 
most identical with Curve a, at wave lengths greater than 410 mu. 
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Fic. 5. Effects of cysteine on bleaching by dihydroorotate. 
Absorbancy plotted is that at 454 my. Conditions were the same 
as for the experiment with dihydroorotate of Fig. 4, except that 
no cysteine was added for Curve 1 and cysteine was added with di- 
hydroorotate for Curve 2. Curve 3 represents the course of the re- 
action when cysteine was preincubated with the enzyme, as in the 
experiment of Fig. 4. 


but it was not necessary to exclude air in order to bleach the di- 
hydroorotic dehydrogenase with DPNH. The color of the solu- 
tion remained discharged as long as an excess of DPNH was 
present. The reoxidation associated with the oxidase action on 


the DPNH eventually converted the DPNH to DPN‘, and the 
reoxidation of the pigment occurred in a flash, with complete 
restitution of the original absorption spectrum. 
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The addition of excess dihydroorotate to the enzym« gaye 
quite different results from the addition of DPNH, as shown in 
the lower part of Fig. 4. There was a rapid initial decrease jp 
absorbancy, amounting to about 25% of that at 454 mu, followed 
by a further decrease occurring at a gradually diminishing rate. 
The reaction was not complete until about 23 minutes after di. 
hydroorotate addition. There was always a well defined residual 
maximum left at 454 my, although the absorbancy was eventy- 
ally decreased to about half of its original value. As the ab. 
sorbancy at 454 my was decreasing, there was a small but 
reproducible increase in absorbancy at longer wave lengths, 
Admission of oxygen caused a rapid return to the spectrum of the 
original solution. Unlike DPNH, excess dihydroorotate did not 
keep the enzyme bleached in the presence of oxygen. 

Effect of Cysteine—In the previous descriptions of the enzyme 
(2), it was pointed out that added cysteine was required for ae- 
tivation of the enzyme to catalyze the reactions involving redue- 
tion of orotate or oxidation of dihydroorotate, but that cysteine 
was not required to elicit the full DPNH oxidase activity of the 


preparation. The crystalline enzyme had the same character- 
istics. The bleaching of the enzyme by DPNH did not require 


added cysteine. With dihydroorotate, on the other hand, the 
presence of cysteine was required for bleaching. Fig. 5 shows 
the effect of added dihydroorotate on the light absorbancy at 
454 my. Curve 1 represents the absorbancy when dihydroorotate 
was added to a solution in which the enzyme had been kept at 
room temperature for about 10 minutes before addition of di- 
hydroorotate. No cysteine was added. The dihydroorotate 
had little bleaching action. Cysteine alone, likewise, had no 
effect on the light absorption in the visible range. Curve 2 of 
Fig. 5 shows the course of the absorbancy change at 454 my when 
cysteine was added together with dihydroorotate, and Curve 3 
shows the course of the absorbancy change when the dihydro- 
orotate was added to an enzyme solution which had been prein- 
cubated with cysteine for 10 minutes. The latter procedure of 
preincubation with cysteine was that adopted for the assay 
procedure, and was necessary to get maximal rates in the activity 
measurements, particularly with more purified enzyme prepara- 
tions. The rapid initial bleaching with dihydroorotate only oc- 
curred with an enzyme pretreated with cysteine. The subse- 
quent slower change in absorbancy was not noticeably faster 
with enzyme preincubated with cysteine than with enzyme to 
which cysteine had been added together with dihydroorotate. 

It was pointed out previously that the oxidation of DPNH by 
the enzyme preparation could be completely inhibited by 
p-chloromercuribenzoate, which fact suggested that an active SH 
group was necessary for the pyridine nucleotide interaction with 
the enzyme also. Studies with the crystalline enzyme showed 
that the oxidase action on DPNH could be activated by cysteine 
if a dilute solution of the enzyme was preincubated at room tem- 
perature before assay. It should also be mentioned that addition 
of cysteine was frequently not required in the assay system when 
crude extracts of the bacteria were assayed. As the purification 
progressed, the cysteine requirement became more pronounced. 
It is possible that the bleaching of the enzyme by DPNH could 
be shown to be affected by cysteine, also, if aged enzyme solutions 
were used, but measurements of this type have not been at- 
tempted. 

Effect of pH—The variation of enzyme activity with pH is 
shown in Fig. 6. Measurements were made of the rate of DPNH 
oxidation both in the presence (upper curve) and in the absence 
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(lower curve) of orotate. Fig. 6 shows that added orotate did 
not stimulate the rate of DPNH oxidation above a pH of about 
g, The reaction in the presence of orotate had a maximum at 
pH 6.5, and the “oxidase” reaction a maximum at about pH 8.0. 
The oxidation of DPNH by orotate and by oxygen have been 
shown to be additive. This was demonstrated by the experi- 
ment shown in Fig. 2 of our previous publication (2). The pH 
curve for the oxidation of DPNH by orotate in the absence of 
oxygen may therefore be obtained by subtacting the values on 
the lower curve of Fig. 6 from those on the upper curve, to give 
the middle curve (@- — -@). 

Action of Some Stimulators and Inhibitors—Irregular stimula- 
tory effects were observed for both the “‘blank’”’ and over-all reac- 
tion when FAD was added to the crystalline enzyme, just as 
reported previously for the partially purified enzyme (2). Stim- 
ulation ranged from 11 to 37%. No effect was obtained when 
FMN was added to the crystalline enzyme either alone or to- 
gether with FAD. Relatively high concentrations of salts such 
as phosphate and chloride had an inhibitory effect on the enzyme. 
Thus, there was about 50 to 60% inhibition when the assay sys- 
tem was made up to contain 0.2 mM NaCl. Arsenite at a con- 
centration of 0.01 m had no inhibitory effect. Added lipoic acid 
did not act as a substitute for orotate. 

The most potent inhibitor among various pyrimidine analogues 
tested was 5-methyl orotate. At a concentration of 0.002 M, 
this substance inhibited both the over-all reaction and the 
“blank” by about 50%. Its action is in striking contrast to that 
of 5-fluoroorotic acid, which was shown in the previous study to 
be a highly active substrate of the enzyme (2). 

Temperature Dependence—Dilute solutions of dihvdroorotic 
dehydrogenase lose activity rapidly at moderately elevated tem- 
peratures. The variation of the initial reaction rate with temper- 
ature is shown in Fig. 7. The upper curve gives the rate of 
decrease of absorbancy at 340 muy in the presence of DPNH and 
orotate. The lower curve gives the equivalent rate observed in 
the absence of orotate. An Arrhenius plot of the data is shown 
on the right hand side of the figure. Even at 20°, the rate is 
somewhat less than that expected from the straight-line relation- 
ship determined by the measurements at the lower temperatures. 
The two curves are similar in shape, although not identical. The 
similarity should probably be stressed since it is doubtful whether 
the measurements are sufficiently accurate to permit the conclu- 
sion that there is a significant difference between them. Calcu- 
lation of the experimental activation energy from the rates ob- 
served at the two lower temperatures (5° and 14°) gives E.,, = 
11,000 calories per mole for the over-all reaction and 15,000 
calories per mole for the blank. These are very approximate 
values to which no special theoretical implications are attached. 
The blank was not substracted from the over-all rate. Further- 
more, the rates measured reflect the result of a possible tempera- 
ture effect on the preliminary incubation with cysteine, in 
addition to the effect of temperature on the enzyme reaction 
itself, 


DISCUSSION 


The dihydroorotic dehydrogenase described in the present 
paper has many similarities to succinic dehydrogenase, as de- 
scribed by Singer et al. (12). This seems reasonable in view of 
the similarity of the dehydrogenations of succinate and dihy- 
droorotate. Both enzymes contain iron, although the amount 
present in dihydroorotic dehydrogenase is considerably smaller, 
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Fic. 6. Effect of pH. The values plotted on the ordinate repre- 
sent 100 times the decrease in absorbancy at 340 my between the 
first and second minutes after addition of DPNH. Except for the 
buffer, the conditions were those of the standard assay system. 
O——O represents the reaction with added orotate; @——@, the 
‘‘blank’’ oxidation of DPNH without added orotate; and 
the calculated difference between the other two curves. All re- 
action mixtures contained 0.083 m sodium phosphate buffer at the 
pH indicated, and the same amount of enzyme. The pH measure- 
ments were made directly on the reaction mixtures after the rates 
had been measured. 
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Fic. 7. Effect of temperature. The values plotted on the left 
ordinate represent 100 times the decrease in absorbancy at 340 mu 
during the first minute after addition of DPNH to the assay 
system. The ordinate of the right-hand figure represents logy 
(1000 X A absorbancy), from the same data. The upper curves are 
for the over-all reaction; the lower curves are for the blank. In 
each case, the same amount of enzyme was equilibrated for 10 
minutes at the indicated temperature with cysteine, buffer, and 
orotate if specified. 


relative to the flavin content. The reactivity of dihydroorotic 
dehydrogenase with DPN distinguishes the enzyme sharply from 
succinic dehydrogenase, however, and the chemical nature of 
the flavin complements also differentiates the two enzymes. It 
is not uncommon for flavoproteins to contain two molecules of 
flavin per molecule but, to our knowledge, dihydroorotic dehy- 
drogenase is the only flavoprotein hitherto described which 
contains equal amounts of FMN and FAD. The analytical data 
strongly suggest that the active center contains FMN, FAD, and 
Fe in the proportions 1:1:2. Although it is tempting to draw a 
diagram of the active center, no purpose would thereby be served, 
since there is no experimental evidence yet available to suggest 
how the iron and flavins should be arranged with respect to 
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the substrates. The cysteine activation of the reaction involving 
orotate or dihydroorotate shows that the site of action for these 
substrates has quite different properties from the site of action 
for DPN*+ and DPNH, but this is not surprising. One visualizes 
a prosthetic group complex mediating the oxidation-reduction be- 
tween the DPNH, DPN* system on one side, and the orotate, 
dihydroorotate on the other. The rapid bleaching of the flavin 
by DPNH is in keeping with the conclusion that all of the flavin 
is active enzymatically, and that the flavin functions by being 
alternately oxidized and reduced. It has not been possible to 
show that the rate of reduction of flavin by DPNH is equivalent 
to the turnover number of the enzyme, because of the lack of 
rapid measuring devices, but there is no evidence against such a 
conclusion. The partial bleaching of the flavin by dihydro- 
orotate may reflect the fact that the potential of the orotate, 
dihydroorotate oxidation-reduction system lies above that of the 
bound flavin. The initial bleaching of the enzyme by dihydro- 
orotate is rapid provided the enzyme has been preincubated with 
cysteine, but the slow second phase of the bleaching by dihydro- 
orotate must reflect a secondary reaction which is not involved 
in the catalytic process. Because of the relative ease of its 
preparation, dihydroorotic dehydrogenase should be particularly 
well suited for a more detailed study of the interaction of a flavo- 
protein enzyme with its substrates. 


SUMMARY 


A procedure has been described for preparing crystalline di- 
hydroorotic dehydrogenase, an adaptive enzyme formed when 
Zymobacterium oroticum is grown on a medium containing orotate. 
The crystals have the solubility characteristics of a globulin. 
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They contain approximately 1 mole of flavin adenine dinucleo- 
tide, 1 mole of riboflavin monophosphate, and 2 moles of iron for 


each 62,000 g of protein. 


Solutions of the crystals are nonfluores- 


cent. The flavin prosthetic group is partially reduced by dihy- 
droorotate and completely reduced by reduced diphosphopyridine 


nucleotide. 


Data have been given to describe the absorption 


spectrum of the enzyme, its turnover number, effects of pH, ef- 
fects of temperature, and inhibition by 5-methy] orotate. 
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The preceding paper describes the purification of the enzyme 
dihydroorotic dehydrogenase from the obligate anaerobe, Zymo- 
bacterium oroticum (1). The enzyme is formed adaptively when 
the bacteria are grown on a complex medium containing orotate 
qs a Major energy source. Purification of dihydroorotie dehy- 
drogenase led to the demonstration that the enzyme is a flavo- 
protein (1, 2). It therefore seemed possible that the adaptation 
to orotate might be accompanied by a change in the flavin con- 
tent of the bacterial cells. The present paper describes measure- 
ments of the flavin content of dihydroorotic dehydrogenase, and 
of cells grown with either glucose or orotate as the energy source. 
Data will be presented to confirm the conclusion that the enzyme 
contains flavin mononucleotide and flavin adenine dinucleotide 
in approximately equal amounts, and to show that the bacteria 
grown on orotate contain considerably more FMN! and FAD 
than bacteria grown on glucose. 


EXPERIMENTAL 


Materials and Methods 


Determination of Flavins—The procedures for determining fla- 
vin were all based on the lumiflavin method of Yagi (3). This 
involves conversion of the flavin to lumiflavin by alkaline photol- 
ysis, followed by acidification with acetic acid and quantitative 
determination of the lumiflavin by measurement of the fluores- 
cence of a chloroform extract. The total flavin content of a 
sample was determined in this way. The proportions of free 
and esterified flavin were determined by the procedure of Kondo 
(4). This method involves separation of riboflavin from esteri- 
fied flavin by extraction of the free riboflavin into benzyl] alcohol. 
The total flavin contents before and after extraction are deter- 
mined by alkaline photolysis to lumiflavin, and the calculation 
of the results involves a correction for the distribution coefficients 
of riboflavin, FMN, and FAD between benzyl alcohol and water. 
For the simultaneous determination of FMN, FAD, and ribo- 
flavin, these substances were separated by paper chromatography 
and the relative proportions of each compound were determined 
by application of the lumiflavin procedure to eluates of the spots. 
The general procedure has been described by Yagi (5) (see also 
Yagi and Matsuoka (6)). The modification described by Yagi 


* This investigation was aided by a grant from The American 
Cancer Society. 
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1 The abbreviation FMN, flavin mononucleotide will be used. 


et al. (7), involves the use of a different solvent for the paper chro- 
matography. This solvent was prepared by mixing the follow- 
ing parts by volume: n-butanol, 50; acetone, 15; isopropanol 
15; saturated aqueous boric acid, 30. 

The samples were prepared for flavin analysis by trypsin 
digestion and hot water extraction. Suitable aliquots of bac- 
terial extract or solutions of the enzyme were heated at 100° 
for 5 minutes and then digested with 0.0025 trypsin (Armour 
Tryptar) in 0.25 m phosphate buffer of pH 8.0 for 4 to 8 hours, 
to liberate flavins completely without destruction or hydrolysis 
of esterified flavin. The sample was then held at 80° for 20 
minutes. For the determination of total and esterified flavin, 
the protein was precipitated from aliquots by addition of tri- 
chloroacetic acid. For chromatography, aliquots of the heated 
trypsin digests were saturated with ammonium sulfate and fil- 
tered, the flavins were extracted with phenol, returned to water 
by addition of ether, and chromatographed on Whatman No. 


1 paper. 


RESULTS AND DISCUSSION 


Flavin Content of Dihydroorotic Dehydrogenase—The flavin of 
the crystalline enzyme was shown to be comprised exclusively 
of FMN and FAD. No other flavin spots were separated on 
paper chromatograms, and the components were shown to co- 
chromatograph with known FMN or FAD, respectively. The 
total flavin content measured 32 mumoles of esterified flavin per 
mg of protein, and consisted of 544% FMN and 46% FAD. 
These results are in essential agreement with those obtained by 
other methods (1). 

Flavin Content of Bacteria—Z. oroticum grows very poorly on 
tryptone-thioglycolate medium alone, but grows well if either 
glucose or orotate is added. For comparison of cells adapted to 
orotate with cells not so adapted, the bacteria were grown under 
otherwise identical conditions on medium supplemented with 
orotate and with glucose, respectively. The medium with oro- 
tate was the same as that described in the previous paper (1). 
The medium contained glucose, 2 g per 100 ml, instead of orotic 
acid, 0.4 g per 100 ml. In both cases riboflavin was added, al- 
though it was not certain that this was necessary for growth. It 
is not known at present whether the cells can synthesize ribo- 
flavin. 

The bacterial cells from about 3 liters of medium were har- 
vested by centrifugation and the packed cells were washed by 
suspension in about 5 volumes of water. The cells were collected 
again by centrifugation, and extracts were prepared by grinding 
with glass beads in the manner previously described (1). The 
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TABLE 
Enzyme and flavin content of bacterial extracts 
All figures are calculated for extract prepared from bacteria 
harvested from 100 ml of medium. Protein and enzyme were 
determined as previously described (1). 


Growth medium 
Results of assays of bacterial extracts 
Glucose Orotate 
Riboflavin (myumoles) 
Units enzyme/mg protein.................... 12 344 
myumoles FMN/mg protein................... 0.25 0.58 
myumoles FAD/mg protein................... 0.23 0.75 
mumoles esterified flavin/mg protein......... 0.48 1.33 


extracts were analyzed for flavins, protein, and enzyme activity. 
A typical set of results is shown in Table I. In other similar 
experiments, the cells were disrupted by ultrasonic disintegra- 
tion instead of by grinding with glass beads. The yield of en- 
zyme activity and of flavin was about the same in extracts made 
by the two different procedures, but ultrasonic disintegration 
yielded about twice as much protein as was obtained by grind- 
ing with glass. 

The difference between the total and esterified flavin, reported 
in Table I, represents unesterified or ‘free’ riboflavin. It can 
be seen that the glucose-grown cells contained 7.1 mumoles of 
free flavin per 11.2 mg of cell protein, and the orotate-grown cells 
contained 2.4 mumoles per 6.7 mg of protein. Thus, the glu- 
cose-grown cells had an apparently larger free flavin content 
than the orotate-grown cells. This was not true in other simi- 
lar experiments, however. There was so much fluctuation in 
the free flavin content of the cells grown in duplicate experiments, 
that no significance is at present attached to these values. Per- 
haps the variations reflect uncontrolled differences in the pro- 
cedures used to wash the cells. 

In contrast to the results obtained for free flavin, the results 
obtained for esterified flavin were reproducible from experiment 
to experiment, and showed a consistent large difference between 
the esterified flavin content of the orotate-grown and glucose- 
grown cells. Because of the difference in bacterial yield, a com- 
parison can best be made from the ratios of flavin to protein, as 
calculated in the lower part of the table. The data show a 2.8- 
fold greater amount of esterified flavin per mg of protein in the 
orotate-grown cells. It is clear, also, that there is an increase 
in both the FMN and FAD contents of the bacterial protein. 
This is completely in accord with the demonstration that the 
purified enzyme contains both flavin derivatives. 

The yields of enzyme per mg of protein fluctuated considerably 
more in different experiments than did the yields of esterified 
flavin, although there was always a much larger amount of en- 
zyme in extracts from cells grown on orotate than in extracts of 
cells grown on glucose. 

From the number of enzyme units in the extract and the turn- 
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over number per mumole flavin of the purified enzyme, one may 
calculate how much flavin bound to dihydroorotic dehydrogenase 
should be present in the extract, if there are no changes in the 
relative amounts of other flavin enzymes. The data in Table] 
indicate that the increase in the esterified flavin of the adapted 
cells is, at first approach, approximately as great as expected. 
Thus, the turnover number of the crystalline enzyme is 550 per 
mumole of flavin (1). The cells grown on orotate contained 
344 — 12 = 332 extra units of enzyme per mg of protein. This 
would correspond to 33% or 0.60 mumoles of flavin per mg of pro- 
tein. The difference between the flavin content of the protein 
from cells grown on orotate and those grown on glucose is 1.33 - 
0.48 = 0.85 mumoles of flavin per mg of protein. In view of 
the possible analytical errors, the agreement between the figures 
(0.85 and 0.60) is not unsatisfactory. It may not be valid, 
however, to subtract the flavin content of the glucose-grown 
cells from the flavin content of the orotate-grown cells. There 
is further uncertainty introduced by the possibility that the iso. 
lated crystalline enzyme may represent a partially inactivated 
protein. This view is supported by the fact that in other experi- 
ments of the type summarized in Table I, extracts of the orotate- 
grown cells sometimes contained more units of enzyme activity 
than could be accounted for by the total esterified flavin content 
of the extract. The conditions necessary to obtain such high 
enzyme activity consistently have not yet been found. The 
highest value obtained for the turnover number per mumole of 
esterified flavin of the extract was 1250. The enzyme yield in 
the experiment of Table I is in the range more frequently ob- 
tained. It is impossible at present to say whether the occasional 
very high initial enzyme activities sometimes observed reflect 
the existence of a more active form of the enzyme than that 
which has been isolated, or inaccuracies inherent in measuring 
the enzyme contents of crude extracts. 

It is of interest that the orotate-grown cells contained more 
FAD than FMN, whereas the glucose-grown cells contained 
equivalent amounts of the two flavins. The data suggest that 
the orotate-grown cells might retain an FAD protein which is 
present in the glucose-grown cells also, and is not dihydroorotic 
dehydrogenase, but that the FMN protein present in the glu- 
cose-grown cells is not present as such in the orotate-grown cells. 
In other words, the formation of dihydroorotic dehydrogenase 
may occur at the expense of some of the FMN protein of un- 
adapted cells, but not at the expense of the FAD protein. 

These are provisional speculations involving assumptions still 
unjustified, and based on facts which require corroboration. 
The questions raised indicate possible directions of further experi- 
mentation. The presence of the flavins in the adaptive enzyme 
should facilitate studies of the adaptation process and of proc- 
esses which regulate the amount of riboflavin esterified. 


SUMMARY 


When Zymobacterium oroticum is grown on orotate as an energy 
source, the cells have been shown to contain almost three times 
as much esterified flavin per mg of protein as cells grown on glu- 
cose aS an energy source. Both flavin adenine dinucleotide 
(FAD) and flavin mononucleotide (FMN) are increased in the 
orotate-grown cells. This is consistent with the demonstration 
that the adaptive enzyme, dihydroorotic dehydrogenase is 4 
flavoprotein containing equal amounts of FMN and FAD. 
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Several investigators have confirmed that insulin exerts a di- 
rect effect on carbohydrate oxidation in vitro. The stimulation 
of oxygen consumption by insulin was first shown in muscle ho- 
mogenates by Krebs (1) and in intact muscle by Hall (2). Villee 
and Hastings (3) found pyruvate oxidation depressed in diabetic 
rat diaphragm and corrected by insulin. Previous work in this 
laboratory (4) has shown that the oxygen consumption of intact 
diabetic mammalian muscle is depressed and that insulin stim- 
ulates this in vitro in the presence or absence of substrate. Lee 
and Williams (5) and Lee and Wiseman (6) have demonstrated 
that insulin in a physiological active form becomes intimately 
bound to mitochondria and microsomes. Thus it seemed logical 
to postulate that insulin affects oxidative phosphorylation in 
mitochondria. Goranson and Erulkar (7) reported that phos- 
phate utilization was decreased in the diabetic rat; but most work 
with mitochondrial preparations has produced negative results. 
Parks et al. (8) found no difference in the uptake of inorganic 
phosphate and oxygen consumption between mitochondria from 
normal and alloxan-diabetic rats and no effect of insulin added 
invitro. Vester and Stadie (9) confirmed these results, but found 
that mitochondria from depancreatized cats had low P:O ratios 
which were not affected by insulin in vitro. However, these ra- 
tios were restored to normal by 3 days of insulin injection in 
vivo. Because of these conflicting results the oxidative phos- 
phorylation of mitochondria from alloxan-diabetic rats and de- 
pancreatized cats and the effects of insulin thereon in vivo and 
in vitro have been investigated.1 The results obtained have 
shown a clear cut defect in oxidative phosphorylation in diabetic 
mitochondria which is sensitive to insulin both in vivo and in 
vitro. 


EXPERIMENTAL 


Production of Diabetes—Alloxan diabetes in rats was induced 
by the subcutaneous injection of alloxan monohydrate (180 mg 
per kg) into male Sherman strain rats weighing 150 to 180 g. 
The animals were fasted 24 hours before injection and were given 
two doses 24 hours apart. The animals were used after 2 weeks 
of established diabetes with blood glucose levels in excess of 300 
mg per 100 ml and if pronounced polydipsia, polyurea, glycosuria, 
and ketonuria were present. Animals were maintained on 


* This research was supported by National Science Foundation 
Grant G 3535; United States Public Health Service Grant A 1889; 
and Rutgers Research Council Grant No. 112. 

+ Pharmacologist and Experimental Surgeon, Hoffman-La 
Roche, Inc., Nutley, New Jersey. 

1 A paper based on part of this work was presented at the meet- 
ings of the American Society of Zoologists in College Park, Penn- 
sylvania, September 2, 1959. 


Purina laboratory chow and water fed ad libitum. Mortality 
was 10 to 20%. After injection the animals usually failed to 
gain weight. 

Surgical diabetes was induced in healthy cats weighing 2.6 to 
4.5 kg after previous immunization against distemper and hep- 
atitis. The pancreatectomy and liver biopsy operations were 
performed by one of us (P.L.S.) under regular aseptic conditions? 
Ether anesthetic was used in both procedures. Induction was 
rapid and free of side reactions. 

Pancreatectomy lasted about 1 hour and resulted in total re- 
section of the gland. The procedure was adapted from a tech- 
nique for complete pancreatectomy in dogs outlined by 
Markowitz (10). Recovery was complete in 1 to 2 hours. The 
animals remained anorexic for several days, usually drinking 
milk, but not eating. No attempt was made to infuse nutrients. 
In two instances (Nos. 2 and 5) the cats were quite hungry and 
ate cat ration. After the initial liver biopsy these animals were 
maintained on 5 to 8 I.U. of insulin daily for 3 days and biopsied 
again. All animals after pancreatectomy showed extreme gly- 
cosuria and blood glucose levels of 300 to 400 mg per 100 ml of 
blood. 

Liver biopsy was performed on the fourth postoperative day. 
An adequate section of liver weighing 5 to 7 g was resected from 
the median lobe with relatively little loss of blood. Recovery 
was complete in 30 minutes. 

Preparation of Mitochondria—The rats were stunned by cer- 
vical fracture and bled by decapitation. The liver, whether from 
rat or cat, was removed and placed immediately in ice-cold iso- 
tonic sucrose-Versene (ethylenediaminetetraacetate) (0.25 m su- 
crose; 0.005 m Versene). After passing through a chilled liver 
press, 4.0 g of liver paste were homogenized in a Potter-Elvehjem 
homogenizer attached to a Lourdes Multimixer to form a 10% 
homogenate. The cellular debris and nuclear fraction was re- 
moved by centrifugation in a Lourdes refrigerated centrifuge 
equipped with a 9-inch angular rotor, for 10 minutes at 700 X 9. 
Mitochondria were isolated from the supernatant by centrifuga- 
tion for 10 minutes at 4,750 xX g. The mitochondrial pellet, 
which was fairly tight and uniform in appearance, was washed 
twice by resuspension in 10 ml of cold sucrose-Versene and 
recentrifuged at the same speed. The mitochondria were fi- 
nally suspended in 8 ml of sucrose-Versene by brief homogenation. 

Analysis—Oxidative phosphorylation was measured in 15-ml 
Warburg vessels for 20 minutes at 30°. The vessels were kept in 
and ice bath during preparation and the mitochondrial suspension 
was added last. Ten minutes of equilibration in the Warburg 


2 A detailed description of both surgical procedures is available 
upon request. 
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bath were found necessary. The reaction was then initiated by 
tipping in the hexokinase-glucose trap from the side arm. After 
% minutes the reaction was stopped by the rapid addition of 
ice-cold 5% trichloroacetic acid. 

The standard reaction medium had a final volume of 2.2 ml 
and contained: Tris buffer, at pH 7.4, 0.07 m; inorganic phos- 
phate 30 or 40 umoles; MgCl, 0.005 m; cytochrome c 10-'m; ATP 
(sodium salt) 0.002 m; Na pyruvate or Na citrate 0.025 m; glu- 
cagon-free insulin (when added) 3.6 I.U.; 0.3 or 0.4 ml of mito- 
chondrial suspension containing 5 to 8 mg of protein; and a 
phosphate trap consisting of 5 mg of hexokinase (750 units) and 
94 pmoles of glucose. The protein-free filtrate was analyzed for 
inorganic phosphate by the method of Lowry and Lopez (11). 
Mitochondrial protein was determined by the biuret method (12). 
Counting of a sample of the fresh mitochondrial suspension was 
done in a Petroff-Hauser counting chamber under phase-contrast 
microscopy at 1200 magnification by the method of Shelton 
et al. (13). The cytochrome c, ATP, hexokinase (practical type 
III), and glucose 6-phosphate were obtained from the Sigma 
Chemical Company. The insulin was a sample of lot No. 499667 
supplied by courtesy of Eli Lilly and Company. 


RESULTS 


The mitochondrial suspension prepared from diabetic liver 
contained the same total protein content as that from normal 
liver. This is shown in Table I. The actual count, however, 
is drastically reduced in both types of diabetic animals. This 
40% decrease is accompanied by other changes. Normal mito- 
chondria appear dark, round, or elongated and fairly uniform in 
size showing no tendency to clump. They are quite resistant to 
disintegration and last for an hour or more in the counting cham- 
ber relatively unchanged. On the other hand, the diabetic mito- 
chondria vary considerably in size and density, many appearing 
as large, pale spheres. They tend to clump and often are almost 
completely disintegrated after standing for half an hour. No 
ready explanation of these differences is apparent, but they are 
caused by insulin deficiency, for both the count and appearance 
of mitochondria from diabetic animals are returned to normal 
by three days of insulin therapy. 

The capacity of normal and diabetic rat liver mitochondria to 
carry on oxidative phosphorylation and the effects of insulin 
added in vitro thereon is shown in Table II. Normal mitochon- 
dria yield P:O ratios of 2.2 with pyruvate, 3.0 with citrate, and 
added insulin has no effect on this. The data obtained with di- 
abetic mitochondria are strikingly different. Their oxygen con- 
sumption is significantly lower and their ability to form ATP is 
reduced to an even greater extent. This results in P:O ratios of 
1.5 and 2.4 with pyruvate and citrate, respectively, The ad- 
dition of insulin to the vessels causes the restoration of both of 
these to normal levels. The 100% increase in ATP formation 
is particularly great, and as a result the P:O ratios are returned 
to normal. The mitochondria, both normal and diabetic, are 
uniformly intact, as shown by the negligible ATPase activity; 
and uncontaminated by microsomes as shown by the negligible 
glucose 6-phosphatase activity. The former was tested by the 


addition of DNP which caused the complete uncoupling of oxi- 
dative phosphorylation with unaffected oxygen consumption and 
no uptake of inorganic phosphate. The latter was tested in a 
vessel containing mitochondria, Tris buffer, and 20 umoles of 
glucose-6-P in the side arm which was tipped in to initiate the 
reaction. 


Results showed about 8 umoles of glucose-6-P hydro- 
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TaBLeE I 
Rat and cat liver mitochondria 
The figures in parentheses show the number of experiments in- 
volved. The values are quoted + standard error where the 
standard error = 


n(n — 1) 
Protein Count 
X 10-1°/ml homogenate 
Rat normal (16).............. 17.64 .6 66 + 9.0 
Rat diabetic (12)............. 18.44 .7 39 + 2.0 
Cat normal (3)............... 18.7 + 2.2 70 + 5.0 
Cat diabetic (5).............. 17.0 + 1.4 42 + 7.0 
Cat diabetic (2) + insulin in 
TABLE II 


Oxidative phosphorylation in rat liver mitochondria 
Oxygen consumption and ATP formation measured for 20 min- 
utes at 30°. Medium described under ‘“‘Experimental.’’ Oxygen 
uptake is expressed as watoms per g of mitochondrial protein per 
minute. The amount of ATP formed is equal to the amount of 
inorganic phosphate disappearing from the medium and is ex- 
pressed as umoles per g of mitochondrial protein per minute. 


Pyruvate Citrate 
ATP P:O ATP : 

O2 uptake | formation | ratio | O2UPtake | ¢ormation 

Normal...../47 + 1.6104 + 5.5) 2.2 54 + 1.0160 + 3.6) 3.0 
Normal + 

insulin. ../45 + 1.5100 + 2.1) 2.2 [58 + 1.0)175 + 1.0) 3.0 

Diabetic..../30 + 1.1) 47 + 3 | 1.5 + 3.2)103 + 3.0) 2.4 
Diabetic + 

insulin. ../41 + 1.5) 96 + 4.0) 2.3 + 2.2/170 + 2.9) 3.1 


lyzed per g per minute for both normal and diabetic animals 
Since this turnover is small compared with the total inorganic 
phosphate uptake and since it is the same in both groups of 
animals, it is ignored in all calculations. 

The results obtained with depancreatized cats are shown in 
Table III and are almost identical with the rat data. The ox- 
ygen consumption and ATP formation are reduced in the diabetic 
mitochondria and returned to normal by the addition of insulin. 
Treatment of diabetic animals with insulin in vivo for 3 days 
restores the mitochondria completely as can be seen by compar- 
ison with normal data. Insulin added in vitro has a slightly 
stimulating effect in both cases, but the significance of this is 
questionable. 


DISCUSSION 


Previous investigators have found no impairment of oxidative 
phosphorylation in mitochondria from alloxan-diabetic rats. In 
all probability the reason for this lies in the severity of diabetes 
investigated. Mitochondria are normal in size, number and 
phosphorylating ability when obtained from rats which are only 
mildly diabetic with blood glucose values of 180 to 220 mg per 
100 ml. The typical diabetic picture does not appear unless the 
animals are severely diabetic with extreme glycosuria and blood 


1538 


TABLE III 
Oxidative phosphorylation in cat liver mitochondria 


O». uptake, pwatoms per g of mitochondrial protein per minute. 
Each figure for the individual animals is the average of duplicate or triplicate runs. The number of runs included in each average jg 


indicated in parenthesis. 


Effect of Insulin on Mitochondria 
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ATP formed, umoles per g of mitochondrial protein per minute. 


Pyruvate Citrate 
a Without insulin + Insulin Without insulin + Insulin 
P P TP O ATP 
P:O P:O P:0 uptake formed P:0 
32 59 1.9 35 78 2.2 40 148 3.6 43 142 3.2 
eo a ne 28 62 2.2 27 61 2.3 45 140 3.1 47 143 3.1 
27 70 2.6 25 54 2.2 54 161 3.0 56 160 2.9 
so, oa es 24 37 1.5 29 71 2.5 38 88 2.3 51 158 3.1 
24 24 1.0 37 82 2.2 33 52 1.6 49 151 3.1 
29 33 1.1 37 85 2.3 37 94 2.5 52 160 3.1 
Nee ead aes 17 20 1.2 23 56 2.4 29 52 1.8 48 140 2.9 
i a 23 31 1.3 32 65 2.0 38 65 1.7 50 141 2.8 
i aos wae 30 67 2.2 31 78 2.4 46 145 3.2 54 165 3.1 
27 60 2.2 29 73 2.5 32 100 3.1 44 128 2.9 
Averages 
29 + | 64 + | 2.2 28 + | 68 + 2.2 4+ | 462 150 + 3.34) 49 + | 148 +/ 3.14 
1.0 2.2 0.14 1.5 4.0 0.04 2.4 3.5 0.11 2.0 2.9 0.08 
23+/294/1.32 | 324 + |69 4+ | 2.0 + | 50 +] 151 + 3.04 
1.2 2.3 0.08 1.5 3.2 0.05 1.2 5.6 0.12 0.9 3.4 0.05 
Diabetic + insulin (5)........... 2994+ ,/68 +/2.24 (30+) | 39 + 1234 3.14 )49 +} 146+ 3.04 
1.1 2.3 0 1.0 2.1 0.08 4.0 13 0.15 2.7 11 0.08 
Apparently only _ is at the mitochondrial rather than the cellular level. If a small 


glucose levels in excess of 300 mg per 100 ml. 
a small amount of endogenous insulin is necessary to maintain 
the normal structure and function of mitochondria. 

Other investigators have failed to demonstrate any effect of 
insulin added in vitro. This is especially surprising in those cases 
where impairment of oxidative phosphorylation had been demon- 
strated (9). Since mitochondria from both alloxan-diabetic rats 
and depancreatized cats show similar changes in shape, number, 
and biochemical activity which can be restored by insulin, it can 
be concluded that these differences are due to insulin deficiency 
and not to any toxic effects of alloxan in the rats or removal of 
other hormones or enzymes in the cats. 

The results obtained clearly indicate that the ability of the 
mitochondria to carry on oxidative phosphorylation is depressed 
in the diabetic animal and that insulin is effective both in vivo 
and in vitro in correcting this. The formation of energy rich 
bonds is an extremely fundamental process which affects various 
activities of the cell. The hexokinase reaction, which is the ini- 
tial step in the utilization of glucose by the cell, is ATP 
dependent. Bessman et al. (14) have already suggested that the 
decreased ATP pool resulting from decreased tricarboxylic acid 
cycle activity is responsible for the inhibition of the hexokinase 
reaction observed in the absence of insulin. The absorption of 
glucose and other hexoses is an active process requiring the ex- 
penditure of energy derived probably from ATP and so could be 
slowed down by the lack of it. Thus many of the different theo- 
ries of insulin action can be explained by virtue of its influence 
on the formation of ATP. 

It is still not clear exactly how insulin exerts its effect. Per- 
haps the increase in permeability ascribed by so many workers 


amount of insulin combines with the mitochondrial membrane, 
thereby rendering it more stable and more permeable, a great 
many of the observed effects of insulin could be explained. On 
the other hand, lower P:O ratios indicate that oxidative phos- 
phorylation is less efficient as well as quantitatively decreased 
in the diabetic. It is logical to postulate, therefore, that insulin 
acts at some specific step in the respiratory chain. 

Further research to determine these and other questions will 
be reported in the near future. 


SUMMARY 


1. Mitochondria from the livers of alloxan-diabetic rats and “ 
depancreatized cats show no difference in milligrams of total 
protein, but are decreased in number by 41% as compared with 
preparations from normal livers. Diabetic mitochondria are 
larger, more fragile and more variable in size. 

2. Normal mitochondria show a P:O ratio of 2.2 with pyru- 
vate; 3.0 with citrate. Insulin produces no change. 

3. With both substrates the oxygen consumption of diabetic 
mitochondria is significantly lower than that of the normal con- 
trols. The formation of adenosine triphosphate is depressed to 
an even greater extent. This results in P:O ratios of 1.5 with 
pyruvate, 2.4 with citrate. 

4. The addition of insulin in vitro restores both QO, con- 
sumption and adenosine triphosphate formation to normal, 
resulting in P:O ratios of 2.3 and 3.1 with pyruvate and citrate 
respectively. 

5. In all respects the mitochondria from alloxan-diabetic rats 
behave in the same manner as those from depancreatized cats. 
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6. Mitochondria from depancreatized cats maintained for 3 
days on insulin are indistinguishable in number, size and bio- 
chemical activity from those of normal animals. 
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It has been known for many years that a number of different 
nutritional deficiencies lower the efficiency of food utilization. 
For example, riboflavin-deficient rats consume 15 to 20% more 
calories than are required to maintain control animals at the 
same weight (1). The lowered efficiency of food utilization in 
riboflavin deficiency has been attributed in part to incomplete 
oxidation of nutrients (2, 3). However, since flavoproteins are 
involved in the electron transport chain, it seemed possible that 
riboflavin deficiency and consequent decrease in flavin enzyme 
activities might affect the efficiency of oxidative phosphoryla- 
tion. This possibility was tested with liver mitochondria from 
riboflavin-deficient rats. Highly significant alterations in the 
activity of certain oxidative flavin enzymes, and in the efficiency 
of oxidative phosphorylation of riboflavin-deficient mitochondria 
were found. In addition, some indications of changes both in 
the gross mass and character of the liver mitochondria have 
been observed. 


EXPERIMENTAL PROCEDURES 


Animals—Littermate Sprague-Dawley male rats, 22 days old, 
were divided among test groups for 4 series of animals. They 
received a basal diet composed of 20% glucose, 20% casein, 47% 
corn starch, 3% Osborne-Mendel salt mixture supplemented 
with 0.25 g of Na.MoO,-2H:,0 per kg of salt, 8% peanut oil, 
2% cod liver oil, and all vitamins except riboflavin known to 
be required by the rat (1). This diet was fed ad libitum to 
produce riboflavin deficiency in one group of rats. A group of 
contro] animals in each series received the basal diet, enriched 
with 15 mg of riboflavin per kg, in daily amounts just sufficient 
to maintain weight equal to that of the deficient rats. Another 
control group was fed the enriched diet ad libitum. The groups 
were maintained on the test diets 8 to 10 weeks. At this time 
the eyes and other tissues of the riboflavin-deficient group 
showed typical signs of deficiency. 

Realimentation of Rats—To insure rapid restoration of ribo- 
flavin available to the tissues, deficient rats were given intra- 
peritoneal injections of 360 yg of riboflavin. In addition they 
received orally an extra 400 ug of riboflavin and the diet con- 
taining 15 mg of riboflavin per kg during the realimentation 
periods of 24 hours and 5 days. Weight control animals were 
treated in exactly the same manner so that their weight gains 
were similar. 


* This investigation was supported in part by grants from the 
National Science Foundation, the Williams-Waterman Fund for 
Combat of Dietary Diseases, and United States Public Health 
Service Research Grants No. C-2284 and A-1566(C2). A prelimi- 
nary report was presented before the American Society of Biologi- 
cal Chemists on April 16, 1959, at Atlantic City, New Jersey. 


Preparation of Mitochondria—The animals were killed by 
bleeding as completely as possible from the exposed heart under 
light anesthesia. The liver was removed quickly, weighed, and 
homogenized in 8 volumes of ice-cold sucrose solution. In the 
first series, however, the liver was perfused with sucrose solution 
before weighing. In experiments on the first 3 series of animals 
the mitochondria were isolated in 0.25 m sucrose from the ho- 
mogenates according to the procedure previously described (4), 
In experiments on the fourth series of animals 0.33 mM sucrose 
was used. Every test day mitochondria from animals of each 
of the 3 groups were obtained for direct comparison. Some- 
times 2 or 3 livers were pooled to obtain sufficient mitochondria 
for numerous tests on single isolations. No attempt was made 
to obtain quantitative yields of mitochondria. Emphasis was 
placed on consistently preparing mitochondria as free as possible 
from contamination with other cellular components. In experi- 
ments on the fourth series of animals the suspensions of mito- 
chondria were diluted to approximately equal optical density 
thus obtaining a very similar quantity of protein in each sample 
for the Warburg vessels. In experiments on the earlier series 
there was greater variation in the amount of protein in the War- 
burg flasks because of different quantities of protein isolated in 
the mitochondrial fraction. 

Samples for Enzyme Analyses—Aliquots from the original 
homogenates of liver and from isolated mitochondria were re- 
homogenized in close fitting glass tissue grinders to disintegrate 
the mitochondria before measuring enzyme activities. 

Oxygen Consumption and P:O Ratio Measurements—The con- 
ventional Warburg method was used for measuring oxygen con- 
sumption. The composition of the medium was as follows: 
12 mm Tris buffer, pH 7.4; 15 mm potassium phosphate buffer, 
pH 7.4; 10 mm KF; 1.8 mm Na,ATP; 0.3 mm EDTA;! 20 mm 
glucose; 8 mm MgCl; 0.75 mg of yeast hexokinase (Sigma 
Chemical Company, Type V); 10 mm _ pL-6-hydroxybutyrate, 
succinate, or a-ketoglutarate; and 1 ml of mitochondrial sus- 
pension containing 5 to 10 mg of protein (derived from 0.25 to 
1.0 g of liver). The total volume was 2.8 ml. The incubations 
were carried out at 30° for 25 to 40 minutes with air as the gas 
phase. $-Hydroxybutyrate was the substrate in experiments 
on the first 3 series of animals. In experiments on the fourth 
series B-hydrexybutyrate, succinate, and a-ketoglutarate were 
all used. Organic P formation was assumed to be equal to the 
decrease in P;. 

Coenzyme and Protein Measurements—FAD and FMN were 
measured fluorometrically (5) in 10% trichloroacetic acid ex- 


1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; FMN, riboflavin monophosphate. 
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TaBLeE I 
P :O ratios, flavin coenzymes, and dehydrogenases in liver mitochondria 
Oxygen consumption, with 8-hydroxybutyrate as substrate, is expressed as atoms of oxygen per kg protein per hour; enzyme ac- 


tivities, as moles per kg protein per hour; the coenzymes as umoles per kg protein. 
6 or 8 mitochondrial preparations analyzed in duplicate or triplicate. 


Each figure represents the average of samples of 
The standard error of the mean is in italics. 


Succinate DPNH dehydrogenase TPNH 
AO: P:O ratio dehydrogenase® FMN 
protesa/tr | poe | | foe | “poe” | 
Series 1 
Riboflavin deficient 0.58 2.09 212 <1 
0.02 0.10 7 
Weight control 1.00 2.54 809 50 
0.02 0.07 42 6 
Series 2 
Riboflavin deficient 0.38 2.51 3.8 46.5 23.5 0.50 189 0 
0.02 0.10 0.1 1.4 1.4 0.06 7 
Weight control 0.66 3.06 13.4 53.1 23.3 1.46 502 69 
0.04 0.18 1.1 1.6 2.2 0.14 42 4 
Ad libitum control 0.76 3.43 16.3 49.9 24.0 0.97 715 140 
0.05 0.21 1.0 2.1 2.8 0.05 40 16 
Series 3 
Riboflavin deficient 0.34 1.73 4.5 48.0 23.2 0.66 185 0 
0.02 0.20 0.2 3.1 1.1 0.08 5 
Weight control 0.65 2.30 17.8 50.8 27.8 1.20 760 19 
0.05 0.10 0.6 8.2 1.6 0.07 16 8 
Ad libitum control 0.63 2.51 17.9 52.0 27.1 1.39 865 19 
0.02 0.12 1.0 6.2 2.8 0.09 29 4 


*Sucrose above a concentration of 107 m interferes in the development of fluorescence with 8-naphthol. 


For these experiments the 


mitochondrial suspensions were diluted sufficiently to avoid the interference of sucrose. Other experiments show that it is possible to 


circumvent this dificuty by washing the mitochondria with cold isotonic KCl and resuspending them in KCl. 


not alter the succinic dehydrogenase activity. 


tracts prepared at 0°. The protein of homogenates and mito- 
chondrial suspensions was measured colorimetrically (6). Total 
pyridine nucleotides were determined in mitochondria after 
allowing them to incubate at room temperature 20 minutes in 
the presence of 20 mm nicotinamide and 20 mm phosphate to 
convert reduced to oxidized nucleotides (7). After removal of 
proteins with 10% trichloroacetic acid, the nucleotides were 
measured fluorometrically (8). 

Enzyme Methods—DPNH dehydrogenase activity was meas- 
ured at 27° with two different electron acceptors, cytochrome c 
and ferricyanide, according to methods described previously (1). 
For TPNH dehydrogenase cytochrome c was used as the elec- 
tron acceptor. The TPN formed in 3 minutes at 27° was 
measured fluorometrically (8). Succinic dehydrogenase was 
assayed at 38° with ferricyanide as the electron acceptor. Suf- 
ficient fumarase (pig heart) was present during the incubation 
to establish equilibrium between the fumarate formed and mal- 
ate. The malate was measured fluorometrically after allowing 
it to react with 8-naphthol in sulfuric acid. Fumarate and 
malate standards agreed very closely. Details of the procedure 
will be described elsewhere.” 

Swelling of Mitochondria—Phosphate-induced swelling was 
followed by optical density changes at 520 my (9). 


RESULTS 


Oxygen Consumption and P:O Ratio in Mitochondria—In four 
series with 8-hydroxybutyrate as the substrate (Tables I and 


20. H. Lowry, H. B. Burch, and Esther Brice, in preparation. 


This procedure does 


II), riboflavin deficiency decreased oxygen consumption of 
liver mitochondria by 34 to 48%, and decreased the P:O ratio 
by 18 to 25%, compared to mitochondria from weight controls. 
The effects of riboflavin deficiency on oxygen consumption were 
as great when succinate and a-ketoglutarate were substrates 
(Table II) as when 8-hydroxybutyrate was used. 

With both succinate and 8-hydroxybutyrate the P:O ratio 
showed a significant fall in riboflavin-deficient animals when 
compared to weight controls. However, the percentage de- 
crease with succinate was only two-thirds as great as that with 
B-hydroxybutyrate. In contrast, with a-ketoglutarate as sub- 
strate no change in P:O ratio was observed (deficient versus 
weight controls). 

In all but one instance mitochondria from weight control 
animals were lower than controls fed ad libitum in oxygen con- 
sumption and P:O ratio when tested with all three substrates. 
In most cases the differences were not very large, but several 
were statistically significant at p = 0.05. 

In several experiments various cofactors were added to the 
deficient mitochondria in the Warburg vessels. In general the 
changes in oxygen consumption and P:O ratio were small and 
insignificant. However, in one experiment with B-hydroxybutyr- 
ate the oxygen consumption increased some and the P:O ratio 
increased markedly with the addition of 7 um FAD + 7 um 
FMN + 2 um coenzyme Q + 10 um cytochrome c. In another 
experiment 7 um FAD + 7 um FMN + 0.5 mm DPN + 0.2 
mM Vitamin Ky, produced similar effects. With succinate the 
addition of both FAD and FMN showed some tendency to 
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TABLE II 
Oxygen consumption and P :O ratios of mitochondria measured with various substrates 


The units are given in Table I. 


Each figure for A and C represents the average of 9 mitochondrial preparations, for B, 4 preparations. 


8-Hydroxybutyrate Succinate a-Ketoglutarate 
| Ribotavn 
AO2 P:O P:O P:O 
atoms/k atoms/kg atoms/kg mmoles/kg mmoles /kg 
protein/hr protein/hr protein/hr protein protein 
Series 4 
A. Riboflavin deficient 0.74 1.71 2.51 1.43 2.04 2.47 7.00 0).23 
0.04 0.12 0.06 0.05 0.20 0.10 0.21 0.01 
B. Weight control 1.10 2.20 4.08 1.64 3.55 2.55 6.71 1.02 
0.04 0.04 0.22 0.06 0.02 0.05 0.12 0.02 
C. Ad libitum control 1.41 2.44 4.28 1.78 4.37 2.82 7.70 1.18 
0.06 0.12 0.19 0.038 0.32 0.05 0.35 0.04 
— A) + s.e.d.* 0.36 + 0.050.49 + 0.13:1.57 4 + 0.081.41 + 0.2110.08 + 0.12 
(C — A) + s.e.d. 0.67 + 0.08/0.63 + 0.17)1.76 + 0.22':0.35 + 0.05/2.33 + 0.38/0.35 + 0.15 


* These figures represent the actual differences between averages for the groups indicated and the standard error of the difference 


(s.e.d.). 


increase P:O ratios a little in riboflavin-deficient mitochondria. 
Coenzyme Q inhibited oxygen consumption in the controls but 
had little effect in the deficient mitochondria. 

It was previously shown that flavin enzymes regenerate at 
quite different rates upon realimentation with riboflavin (1). 
Preliminary measurements of the oxygen consumption and P:O 
ratio of liver mitochondria after realimentation for 1 and for 5 
days showed that the P:O ratios with all three substrates, B- 
hydroxybutyrate, succinate, and a-ketoglutarate, were essen- 
tially normal after 1 day, but that the rate of oxygen consump- 
tion was not always normal even after 5 days. 

Coenzymes in Mitochondria—The concentration of FAD per 
gram of protein in mitochondria from normal liver is 50 to 75% 
higher than in whole liver. FMN may be lower in mitochondria 
than in whole liver when great care is taken to prevent FAD 
breakdown. Mitochondrial FAD levels in riboflavin deficiency 
are 25 to 30% of those for weight controls, whereas FMN levels 
fall to less than 5% of normal. These changes are similar to 
those previously reported for whole liver (1). In contrast to 
the findings on whole liver, mitochondrial FAD is somewhat 
lower in weight controls than in animals fed ad libitum (Table I). 

Total pyridine nucleotides in mitochondria remained at nor- 
mal levels during riboflavin deficiency (Table IT). 


TaB_Le III 
Percentage of liver protein isolated in mitochondrial fractions 


Each figure represents the average for preparations in Tables 


Iand II. The standard error of the mean is in italics. 

% % % % 
Riboflavin deficient 27.7 9.6 15.4 11.8 
1.8 0.8 0.8 0.1 
Weight control 21.6 3.5 10.0 7.0 
0.7 0.6 0.9 0.1 
Ad libitum control 6.1 9.0 9.4 
0.4 0.7 0.2 


* The mitochondria in this series were isolated by a different 
procedure which gave a larger yield and probably greater con- 
tamination with other cellular components. 


Flavin Dehydrogenases in Mitochondria—In riboflavin-deficient 
mitochondria TPNH dehydrogenase activity is 35 to 50% of 
normal, succinic dehydrogenase is 25% of normal, and DPNH 
dehydrogenase shows absolutely no decrease from normal (Table 
I). These findings are in good agreement with the observations 
on whole liver homogenates (Table IV and (10)). This last 
enzyme showed no fall in flavin deficiency when it was meas- 
ured with either ferricyanide or with cytochrome c as electron 
acceptor. Restricted caloric intake (weight controls) did not 
alter the activity of any of these three enzymes. 

Protein in Liver and in Mitochondrial Fractvon—As previously 
observed (1) the liver is much heavier in riboflavin-deficient 
rats than for weight control animals of the same body weight 
(Table IV). Per gram of body weight the liver of rats on a 
complete diet ad libitum is intermediate in weight. Apparently 
the calorie-starved animal compensates by sacrificing liver mass 
whereas the riboflavin-starved animal compensates for an in- 
adequate liver by increasing its mass. In both situations pro- 
tein is above normal, presumably reflecting lower than normal 
fat and glycogen. 

It was consistently found that the yield of mitochondria was 
greater from deficient livers than from normal or calorie-re- 
stricted livers. This was the case whether the yield was judged 
by volume or calculated as the fraction of the whole liver pro- 
tein (Table ITI). 

Stability of Mitochondria—Preliminary observations have been 
made on some morphological characteristics of riboflavin-defi- 
cient mitochondria in seeking an explanation for the functional 
changes. No distinctive alterations from control mitochondria 
were observed by means of the electron microscope. However, 
there was an alteration in the sensitivity of the flavin-deficient 
mitochondria with respect to phosphate-induced swelling. 
Whereas the control mitochondria, both from weight controls 
and ad libitum controls, showed swelling in 1 and 2 mm phos- 
phate (9), no swelling occurred in riboflavin-deficient mitochon- 
dria during an hour (Fig. 1). This was a consistent finding in 


observations on 9 flavin-deficient mitochondria preparations. 
Decreased endogenous substrate, oxidative ability, or phos- 
phorylating capacity may be the basis for this characteristic of 


3 We are indebted to Miss Alice Atchison for the electron micro- 
scope work. 


1542 
Mg 
defi 
in 
dec 
tha 
TP: 
sO 
son 
cell 
sho 
ho 
P 
the 
cien 
ble 
that 
ins 
med 
was 
fro 
ato 
T 
as 0 
is in 
Seri 
Weis 
Rib 
Wei 
Ad l 
Serve 
Ribc 
Wei J 
| 
phat. 


| & 


May 1960 


riboflavin-deficient mitochondria. Further studies of this phe- 
nomenon are being made. 

Flavin Dehydrogenases in Whole Liver Homogenates—Flavin 
deficiency caused a drop in succinic dehydrogenase to 28% and 
in TPNH dehydrogenase to 64% of controls (Table IV). The 
decrease in succinic dehydrogenase is similar in magnitude to 
that found in mitochondria. The average decrease of 44% in 
TPNH dehydrogenase of deficient mitochondria (Table I) is 
somewhat less than in whole homogenate. This result suggests 
some differences in the distribution of the dehydrogenase among 
cellular fractions in flavin deficiency. DPNH dehydrogenase 
showed no decrease in flavin deficiency in either whole liver 
homogenate or in mitochondria. 


DISCUSSION 


Present information does not permit exact identification of 
the enzymatic defects responsible for lowered oxidative rates 
and decreased efficiency of phosphorylation in riboflavin defi- 
ciency. With succinate as the substrate, the observed decrease 
in the flavoprotein succinic dehydrogenase is probably responsi- 
ble for the decreased oxygen consumption. It is interesting 
that succinic dehydrogenase may approach a rate limiting level 
in succinate oxidation by flavin-deficient mitochondria. When 
measured with ferricyanide as the acceptor this enzyme activity 
was found to have decreased to 4 moles per kg protein per hour 
from a normal of 17, whereas oxygen consumption fell to 2.5 
atoms per kg protein per hour from a normal of 4.3. 
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Fig. 1. Optical density changes due to swelling of mitochon- 
dria. In all three cases—riboflavin deficient, weight control, and 
ad libitum control—the behavior without added phosphate and 
with 1 and 2 mm phosphate is shown. 


TaBLeE IV 
Flavin coenzymes and dehydrogenases in whole liver homogenates 
The enzyme activities are expressed as moles per kg protein per hour; the protein as grams per kg wet tissue; the coenzyme levels 


as micromoles per kg protein. 
is in italics. 


Each value represents the average of duplicate samples on eight rats. 


The standard error of the mean 


DPNH dehydrogenase) 
d Succinate TPNH 
ferricyanide* ferri- cyto- cytochrome c 
cyanide | chrome ¢ 
g/kg moles/k moles/k moles/k umoles kg umoles/kg 
protein/hr protein/hr | protein/hr protein/ protein protein 
Series 1 
Riboflavin deficient 70 4.70 142 6.1 
5 0.25 © 9 0.8 
Weight control 76 3.80 
4 0.26 
Ad libitum control 275 11.2 
15 1.2 
Series 2 
Riboflavin deficient 76 3.62 219 2.23 31.9 15.0 0.99 116 1.1 
3 0.21 2 0.06 1.0 0.8 0.03 3 0.2 
Weight control 68 1.92 218 8.05 28.2 15.1 1.55 372 23.4 
2 0.06 9 0.16 0.7 1.1 0.08 6 1.2 
Ad libitum control 327 12.0 186 6.75 34.6 17.8 1.54 368 49.7 
11 0.5 2 0.19 1.2 0.8 0.04 7 2.2 
Series 3 
Riboflavin deficient 89 4.11 203 2.27 38.1 17.9 1.36 125 1.4 
i) 0.27 4 0.11 1.4 1.0 0.07 3 0.3 
Weight control 86 2.13 202 7.70 31.4 19.0 2.08 420 22.0 
2 0.10 5 0.27 $8 0.6 0.06 11 1.4 
Ad libitum control 283 8.80 175 6.76 35.4 20.9 2.22 394 40.6 
21 1.0 2 0.30 2.1 3.1 0.04 18 5.3 


* Absolute values for succinic dehydrogenase are about one-half the levels obtained when homogenates were prepared in phos- 
phate buffer instead of sucrose. Ratios of the control level to the deficient are the same with both series. 
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